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Abstract 
Fine grinding is becoming an integral part of mineral processing plants to liberate valuable minerals 
from fine-grained low-grade ore bodies. Stirred mills are becoming recognized by the industry as a 
more efficient technology selection compared to the ball mill for fine grinding (< 100 µm). The 
increasing number of stirred mill installations in mineral processing concentrators has necessitated a 
process model development that enables full circuit modelling and simulation. Many researchers 
have developed mathematical models to assist in the design and optimization of the stirred mill 
operation including gravity induced stirred mills such as the Metso Vertimill and the Nippon Eirich 
Tower Mill. 
Most of the developed models lack sufficient responses to changes in process conditions. 
Furthermore, there is an internal classification effect that is previously mentioned in several 
publications but was not quantified through experiments. Therefore, a research program was 
designed and carried out to describe and model different sub-processes related to the operation of 
the gravity induced stirred mill. The sub-process models (i.e. grinding and internal classification) 
were combined into a single model structure to represent the operation in a gravity induced stirred 
mill.   
During this research, comprehensive test work was carried out in a batch gravity induced stirred 
mill using Cu-Au ore and limestone to evaluate the effect of operating conditions (i.e. specific 
energy consumption, slurry density, grinding media size and stirrer tip speed) on particle size and 
fines generation (-75μm). The test data showed a finer product size when the mill operates at higher 
specific energy, lower slurry density, smaller grinding media size and higher stirrer tip speed. The 
test work also identified that attrition breakage mechanism is predominant in the gravity induced 
mill. Sub-process models that relate the selection function to the process operating conditions were 
developed. The internal classification effect on mill operation was also measured through test work 
by using industrial grade silica to identify its effect on the mill operation. The result showed that 
particle classification takes place inside the gravity induced mill in certain favorable conditions. 
Models were developed to link the classification parameters and the mill operating conditions to be 
included in the combined model structure.  
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A process model (using a time-based population balance technique) was developed, integrating 
individual sub-processes models such as breakage, selection and classification functions. The model 
was validated with industry survey data in different process conditions. The validation result 
showed that the developed model was capable to predict the mill product size distribution when mill 
power, feed rate, slurry solids concentration and grinding media size are varied.  
The thesis has successfully developed a process model of the gravity induced stirred mill with 
predictive capability. Moreover, it has developed an in-depth understanding of the laboratory scale 
gravity induced mill behaviour and its breakage mechanism. The inclusion of the classification with 
the breakage process into a single model structure is novel in comminution process modelling.  
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   Introduction 
Fine grinding technology is becoming an integral part of comminution circuits due to the increasing 
number of complex and fine-grained ore bodies being mined (Palaniandy et al., 2015). These types 
of ore bodies require fine grinding to liberate the valuable minerals and enrich final concentrate 
grade. Energy usage rise exponentially to grind particles below 75 µm with the ball mill and 45 to 
40  µm is the practical limit of particle size that the ball mill can produce (Morrell et al., 1993). As a 
result, there is necessity in the mining industry to comminute particles in a more energy efficient 
way by using alternative comminution machine such as stirred mill (Valery and Jankovic, 2002) 
Stirred mills are well received in the mining industry as they are easy to operate, simple in 
construction, generate higher size reduction ratios and consume less energy compared to ball mills 
in a similar duty (Gao and Frossberg, 1995). Metso Vertimill® Grinding Mill (Vertimill) and the 
Nippon Eirich Tower Mill are gravity induced stirred mills that operate at a low tip speed (3 m/s) 
and have been widely used in various grinding duties i.e. secondary, tertiary and regrind duties in 
mineral processing circuits. These designs use a helical screw on a vertical shaft to stir a column of 
grinding media. Currently, more than 450 units of Vertimill have been installed worldwide with an 
aggregated power of 300 MW (Allen, 2013).  
As this technology is being used in many concentrators, there is a growing demand for process 
models that enable their circuit simulation. The JKMRC has a long history of research in stirred 
milling technology. One of the major projects was AMIRA P336, which mainly focused on fine 
grinding and flotation. The outcomes of this project were breakage and power models for Tower 
Mills. Within this project, Morrell et al. (1993) successfully used the population balance model to 
describe particle breakage in Tower mills. Later, Duffy (1994) work on power and media motion of 
the Tower Mill plus Jankovic (1999) research on power, media motion, breakage and scale-up 
mechanism of the Tower Mill has broadened the understanding of the gravity induced stirred mill 
operation.   
Researchers have been using the population balance technique to model stirred mills for the last two 
decades, where the first attempt was recorded from Stehr et al. (1987) to compare the grinding 
performance of the ball mill and horizontal pin stirred mill. A recent inclusion in this list is the 
Vertimill model developed by Mazzinghy et al. (2012, 2014 and 2015), where breakage parameters 
were developed from a lab scale ball mill and used to predict product size distributions of a pilot 
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scale Vertimill. However, no attempt was taken previously to develop a process model for the 
gravity induced stirred mill using a lab scale mill. Moreover, the current modelling techniques do 
not consider the individual sub-processes within the gravity induces stirred mill. Furthermore, none 
of the available model structures can be used to optimize a gravity induced mill operation using a 
single set of industrial survey data as those were concentrated mostly on laboratory or pilot scale 
mill. Hence, a model structure is required that can respond to sub-processes such as breakage, 
selection and classification considering the gravity induced stirred mill operation. The developed 
model should have the capability to be used in any existing process simulator such JKSimMet for 
any comminution circuit simulation. In short, the model should have the capability to be used for 
simulating existing gravity induced mill grinding circuits or for design purposes.  
1.1 Scope of this Thesis 
The gravity induced stirred mill comprises of a grinding zone filled with grinding media and 
annular internal classification zone located above the grinding zone. The combination of the 
uprising velocity in the internal classification zone and the mill’s vertical arrangement facilitate 
removal of a fraction of fine particles generated from particle breakage in the grinding zone, thus 
minimizing over-grinding. This phenomenon is also influenced by the slurry concentration and 
rheological behaviour in the mill. A size reduction model is required to address these two sub-
operations for the mill process as shown in Figure 1.1. The model should consider the gravity 
induced stirred mill process as a combination of breakage and classification operations or a single 
operation regarding the mill as a black box. Test work was required to identify the breakage and 
classification mechanism for the gravity induced stirred mill operation. These test works enhanced 
the understanding of the mill operation and generate sub-models for the size reduction model. 
Hence, research was required to developed process sub-models for the gravity induced stirred mill 
and combine them into a single model structure to optimize the overall process. The single model 
structure should be a conceptual model that can be tested and verified with a series of laboratory 
and industrial data set. Confidence of using the model for optimizing gravity induced mill operation 
will be grown further once it is tested with variety of data set collected from different mine site.  
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Figure 1.1 – Scope of the gravity induced stirred mill process model (after Wills and Napier-Munn, 2006) 
1.2 Research Objective and Hypothesis 
The Research work is a part of a larger project funded by Metso Minerals titled “Collaborative 
research on stirred milling technology”. The aim of this doctoral research work is to develop a 
process model for the gravity-induced mill to be used for optimizing its size reduction process by 
considering product size and energy efficiency.   
Research questions: 
 How to model grinding process for a gravity induced stirred mill 
 How to incorporate the effects of process variables in the size reduction model 
 Does the internal classification affect the performance of the mill 
 Hypothesis:  
 A predictive size reduction model for the gravity induced stirred mill can be developed 
based on the population balance modelling technique 
 The effect of process variables can be incorporated in the population balance model through 
selection function parameters 
 Internal classification affects the mill performance in certain favourable conditions 
Classification Model for 
Internal Classification 
Zone 
Breakage Model for   
Grinding Zone 
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Hence, this thesis aims to: 
 Develop a predictive size reduction model for the gravity induced stirred mill through 
population balance technique  
 Incorporate the effects of process variables (i.e. slurry solids concentration, power, 
grinding media size and stirrer tip speed) in the selection function through batch mill test 
work 
 Identify the operating condition (i.e. flow velocity and slurry density) effects of internal 
classification and incorporating them in the population balance model 
1.3 Thesis Structure 
 
This thesis consists of 8 chapters, including this introductory Chapter 1. 
Chapter 2 reviews the significance of stirred mills in the minerals industry, types of stirred mills 
and the operating variables that affect grinding operation. Furthermore, it includes a critical review 
of previously published models related to stirred mill operations. This chapter also has highlighted 
the fine particle characterization methods and the important aspect of hydraulic classification that 
have not been adequately addressed in modelling the gravity induced stirred mill process to date.   
Chapter 3 introduces the new population balance structure tailored to the gravity induced stirred 
mill operation. The chapter is comprised of basic model structure, calculation of the selection and 
breakage functions, determining the particle residence time through mill power, internal 
classification model and model Parameterization technique.  
Chapter 4 describes the methodology adopted to conduct the test work in a lab scale gravity 
induced stirred mill for determining the model parameters. The chapter also depicts the 
methodology of the test work designed to identify the internal classification effect of the gravity 
induced stirred mill. 
Chapter 5 presents the results from the lab scale gravity induced stirred mill and classification test 
work. The results from the gravity induced stirred mill shows the effect of operating conditions on 
the torque and product size distribution. The result also identifies the parameter ranges that produce 
more -75µm particles in the gravity induced stirred mill. The result from classification test work 
identifies the operating range in the gravity induced stirred mill that promotes better classification 
inside the mill. 
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Chapter 6 describes the parameterization procedure for the batch and continuous gravity induced 
stirred mill operation following the developed model framework by using different breakage 
functions. The developed parameters relate to the gravity induced stirred mill breakage mechanism 
and the effect of operating conditions on the mill selection function and breakage function.  
Chapter 7 validates the model by predicting the mill product size with the changes in the mill feed 
rate, feed size distribution, solids concentration and mill power and assesses the model efficacy and 
predictive capability. The chapter also utilizes the model parameters developed from the laboratory 
test work to demonstrate the broader predictive capability of the model showing its responses to 
different grinding media sizes and slurry flow velocity. 
Chapter 8 summarizes and discusses the significant outcomes of the thesis, providing 
recommendations for the future test work and research investigations. 
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    Literature Review 
While many authors have conducted research to model stirred mills over the last two and half 
decades, the minerals industry still regards it as a new technology compared to other comminution 
devices. Researchers have also investigated the effects of operational variables and process 
modelling of the stirred mill. The modelling approach can be classified into three groups; 1) 
Mechanistic structure developed by Kwade et al. (1996), 2) Empirical structure by various 
researchers (Herbst., 1978, Tuzun., 1993, Duffy., 1994 and Mannheim.,2011 ), 3) Population 
Balance structure by Austin et al. (1984), Herbst  and Fuerstenau (1980) and Whiten (1974). Of 
these approaches, only the population balance model structure has been successfully applied to 
most of the stirred mills.  
Mazzinghy et al. (2012, 2014, and 2015) were the first researchers to concentrate their entire 
research on developing a model for the Vertimill to simulate the product size distribution. The 
model Parameterization was carried out in a ball mill, multiplied by a scale-up factor and applied 
to predict the product size of a pilot scale Vertimill. However, no attempt was made by the authors 
to develop a model that can handle the process variability. 
The present literature highlights various stirred mill operations, their important operating 
variables and published mathematical models for the stirred mill operation. The research has also 
highlighted the necessity of developing a robust model that can effectively describe a batch, pilot 
and industrial scale gravity induced mill operation.              
2.1 Introduction  
The decline of primary minerals deposits has created a need for extracting minerals from complex, 
finely grained and lower grade ore bodies. These types of ore bodies requires fine grinding to 
liberate the valuable minerals and improved recovery in the flotation or leaching stages (Palaniandy 
et al., 2015). This phenomenon has increased the demand for fine or ultra-fine grinding operation in 
the concentrators. Stirred milling technology has created a new opportunity in the mineral 
processing industry to treat fine-grained ore bodies. Many ore deposits classified as “untreatable” in 
the past have been developed recently due to the improvement of the stirred mill technology, for 
example at McArthur River Mine or Mount Isa Mine (Burford and Clark, 2007). A stirred mill can 
successfully generate product particle sizes down to 7 µm in an energy efficient way (Jankovic et 
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al., 2006). Palaniandy (2015) mentioned that stirred mills have become a lucrative option compared 
to the ball mill for grinding particles below 100 µm in an energy efficient way. According to Altun 
et al. (2013), this is due to their operational characteristics and breakage mechanism. Figure 2.1 
depicts the energy consumption by the stirred mills compared to the ball mill at different target 
grind sizes. According to the figure, stirred mills are particularly effective in the fine grinding 
regime.   
 
Figure 2.1 - Energy consumption by the ball mill and the stirred mills (Jankovic, 2003) 
Energy rises exponentially to grind particles below 75 µm, and 45 µm to 40 µm is the practical limit 
of the ball product size (Morrell et al., 1993). Shi et al. (2009) showed an average of 30% energy 
savings when using the stirred mill compared to the ball mill in the coarse grinding with feed sizes 
ranging from 3.35 mm to 150 µm and product P80 sizes less than 100 µm.  
Stirred mills have found applications from tertiary to regrind application in the mineral processing 
circuits. Moreover, stirred mills have recently started operating in the secondary grinding stage 
where they can be used to increase milling capacity (Ntsele and Allen, 2012). The reason for using 
the stirred mill in the regrind stage is to lower the overall comminution energy consumption by 
further liberation of the rougher or scavenger concentrate rather than preparing a fine feed for 
rougher flotation.  
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2.2 Stirred Mills Classification and Description  
Gravity induced and fluidized mills are the two primary categories of the stirred mill (Palaniandy, 
2015, Ntsele and Allen, 2012). In the gravity induced stirred mill, the screw rotates slowly to pull 
the ball charge to the center of the mill and then cascade over the edge of the screw. It then settles 
down due to the gravity through the side of the mill. The flow pattern coupled with slow screw 
velocity enables the particles to remain in contact with the grinding media and ensures particle 
breakage throughout the mill charge. In contrast, fluidized mills create a suspension of the charge 
through high-speed impellers or disc and ensure a complete mixing of the grinding media and slurry 
particles. Hence, the charge media remain in contact with each other and particle size reduction 
takes place in the mill. Table 2.1 shows different types of gravity induced and fluidized stirred mills 
operating in the industry.  
Table 2.1 - Common gravity induced and fluidized stirred mills and their main features (after (Allen, 2013), 
(Davey, 2006), (Rahal et al., 2011), (Shi et al., 2009), (Lehto et al., 2013)) 
Type 
Name of the 
Mill 
Tip 
Speed 
Media Type Media Size 
Feed 
Top Size 
Product 
Size 
Commodities 
Gravity 
Induced Mill 
 (Low 
Speed) 
Vertimill 
3 m/s 
Steel Balls 
Cylpebs 
 
5 – 38 mm 6 mm 
15 – 75  
µm 
Base metal ore  
Gold ore 
Tower Mill 
Industrial 
Minerals  
Coal  
Cement 
Fluidized 
Mill (High 
Speed) 
IsaMill 
21-23 
m/s 
Ceramic Beads  
Sands 
2 – 3.5 mm 150 µm 
Up to 7  
µm 
Base Metal Ore 
Platinum Group 
Ore Gold ore 
SMD 
(Stirred Media 
Detritors)  
11 m/s 
Ceramic Balls 
Sands   
Silica Pebbles 
1 – 3 mm 250 µm 
Up to 10 
µm 
Ultrafine grained 
metalliferous ore 
VXPmill 
10-12 
m/s 
Zirconium 1.5 – 3 mm 
300 – 
400  µm 
Up to 10 
µm 
Base metal ore 
Industrial 
minerals 
HIG mill 
Variable 
Speed 
Ceramic Beads 
Steel Balls 
1 – 6 mm 
300 – 70  
µm 
100 – 20  
µm 
Base metal ore 
The Vertimill is a gravity induced stirred with low stirrer tip speed. The Vertimill is simple in 
construction comprising an agitating screw suspended in a grinding chamber. The screw shaft is 
supported by spherical roller bearings and driven by a fixed speed motor with the help of a 
planetary gearbox. The screw generates a rotating and lifting action of the grinding media which 
results in the grinding of the feed ore (Jankovic et al., 2006). It can operate with a feed size of 6 mm 
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to a product size less than  15 microns (Allen, 2013). Typically, steel balls are used as grinding 
media with a size range of 6 mm to 38 mm depending on the application. A Vertimill installation 
can be configured in open or close circuit (with screens or hydrocyclones); with or without a 
separating tank and recirculating pump; and either top or bottom mill feed inlet (Palaniandy et al., 
2015). About 67% of Vertimills are installed in the regrind stage of the mineral processing circuit 
(Allen, 2013). The mill does not require any cooling system due to the low speed of the stirrer. 
Magnetic liners are installed in the mill shell to attach and hold the media, forming a shell liner 
wear surface of the steel media. A metallic wear plate is used as screw linear that needs to be 
changed approximately every six months for the lower part and over a year for the upper shoes 
(Davey, 2006). Figure 2.2 depicts a schematic view of the Vertimill labelling the major 
components. 
 
Figure 2.2 – General view of a Vertimill (Davey, 2006) 
The IsaMill and the related Netzsch mill are fluidized mills operating at higher tip speeds. These 
have grinding discs mounted on a horizontal shaft connected to a motor via a gear box. The tip 
speed of the rotating discs is around 21-23 m/s (Shi et al., 2009), and it imparts intense agitation of 
the media. In general, ceramic beads are used as grinding media in the IsaMill; however, sand is 
occasionally used too as grinding media. The mill is equipped with an internal classifier to retain 
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the media inside the grinding chamber. The IsaMill can only handle feed size up to 150 µm, and 
product size depends on the feed size distribution and media size of the mill (Xstrata-Technology, 
2009). However, the product size can be as low as 7 µm  for the regrinding stage IsaMill as reported 
by McArthur River Mining operation (Glencore, 2015). The mill can operate in open circuit and be 
equipped with a water jacket for cooling the mill shell.  
The SMD is a vertical stirred mill with an octagonal body to support an internal multi-armed 
impeller. The impeller is driven by an electric motor through a gear reducer. The mill feed port is 
located at the top of the mill and a discharge port is placed at either the top or base of the mill body. 
The discharge port is associated with wedge profile polyurethane screens to retain the grinding 
media inside the mill. In general, natural silica pebbles/ sand or suitable ceramic media is used as 
grinding media in the mill. In addition to that, the elastomeric liners are used in the mill that last 
from 6 months to a year, however, types of media also affect the linear life (Davey, 2006).  
2.3 Effect of Operational Variables on Stirred Milling 
The performance of the grinding machine depends on its ability to bring particles into contact with 
each other and the grinding media to cause particle breakage with minimum energy usage (Davey, 
2006). Hence, particle concentration and particle retention time in the grinding zone are the 
significant process parameters. Molls and Hornel ( 1972) have listed 44 operating variables related 
to the stirred mill process; however, most of these variables have only a small effect on the process. 
The important variables that affect the stirred mill process are related to the media, materials 
characteristics and operational conditions. Jankovic (2003) mentioned that grinding efficiency of 
the stirred mill mostly depends on grinding media (size, density, shape), the mill speed and slurry 
properties (feed size, slurry density and hardness). The following section will review the impact of 
operating conditions on the process performance and product characteristics.  
2.3.1 Media Size 
Media size is one of the most important operating variables in stirred mill operation, which 
determines the probability of feed particles to be captured and crushed efficiently. In stirred mill 
operation, smaller media produces finer product as shown in Figure 2.3 but is less able to break the 
top feed size of the feed. Ratios between the effective media size to the top feed particle size was 
investigated by many researchers, and the outcome was found to depend on the type of stirred mill 
and materials type as shown Table 2.2. The table shows that the ratio also depends on mill operating 
conditions and feed properties such as hardness and mineralogy. Furthermore, Yue  and Klein 
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(2006) also mentioned that the ratio lies between 20 and 200: 1 which is in agreement with most of 
the findings listed in the table. 
Table 2.2 – Optimum grinding media to top feed size ratio for different stirred mills 
 Mill Type 
 Effective 
Ratio 
 Materials  Reference 
Pin Impeller Mill 20:1 Coal (Mankosa et al., 1986) 
Pin Impeller Mill 12:1 Limestone  (Zheng et al., 1996) 
Draiswerk Disc Impeller Mill 150:1 to 200:1 quartzite (He and Forssberg, 2007) 
Pin Impeller Mill 16:1 Gold/ Silver Ore (Celep et al., 2011) 
 
 
Figure 2.3 – Media size effects on a pilot Tower Mill (after Jankovic, 1999) 
Several studies have shown the effects of media size on stirred mill operation by measuring product 
size, energy usage, and breakage rate. He and Forssberg (2007) found that 1.6 – 2 mm ZrSiO4 beads 
were more energy efficient compared to 0.5 – 1.5 mm Al2O3 beads for producing median product 
size larger than 10 µm with a specific energy input below 150 kWh/t. 
Jankovic (2003) observed a similar trend while using a high-speed Netzsch mill with zinc 
concentrate as feed. In his experiments grinding a feed size of 46 µm to a product size of 15 µm, 
1.7-1.2mm granulated lead slag media consumed 17 kWh/t and 0.85-0.6 mm granulated lead slag 
media received 28 kWh/t of specific energy. However, it was found that 0.85-0.6 mm granulated 
lead slag media were more efficient compared to 1.7-1.2 mm granulated lead slag for generating P80 
size of 7 µm from F80 of 10.3 µm. The author later concluded that finer media should be used when 
feed size decreased in the mill. Also, Zheng et al. (1996), Ohenoja et al. (2013) and Farber et al. 
(2011) had observed similar outcomes in their experiments. An optimum media size ensures the 
highest possibility of the ground particles to be captured, nipped and crushed into the lower sizes 
12 mm media 
6.8 mm media 
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with minimum energy consumption at certain feed size and mill operating condition. Figure 2.4 
illustrates an example of media size effect on product particle size when a Netzsch LME-4 2.48 L 
horizontal stirred mill was used to grind quartz particles (Yue  and Klein 2006). It shows that there 
is an optimum media size for a given feed size.  
 
Figure 2.4 - Optimum bead size at different feed size for Netzsch Mill (Yue  and Klein 2006) 
Lichter and Davey (2006) tested the media size effect in a Vertimill and found that 5 mm steel 
media produces finer particles more efficiently compared with 18 mm and 10 mm steel media at the 
same specific energy input. Moreover, 18 mm media were not capable of producing the target 
product size of 15 µm (Figure 2.5a). However, they obtained the opposite result compared to a 
Vertimill while testing the effect of media size with a SMD as shown in Figure 2.5b. In a SMD, 2 
mm grinding media was more energy efficient that 1 mm or a mix of 1 mm and 2 mm grinding 
media for producing a target product size of 7 µm. According to the authors, a possible explanation 
of having the reversed result between the two mills is the change in feed size or properties. Also, 1 
mm media is too small to effectively break down larger feed particles as mentioned by the authors. 
The authors further inferred that when feed and target product size become finer, the smaller 
grinding media size is beneficial in a sense that more grinding events are required to provide more 
contact area for particle breakage. In other words, an increase in surface area due to smaller media 
size, increases the probability of the particles being nipped in the contact area between the media 
and particles. One possible way of increasing grinding events is by increasing the number of 
grinding media as shown Table 2.3. Hence, smaller media is favorable for fine and ultrafine 
grinding.  
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Figure 2.5 - Effect of media size on mill efficiency for the (a) Vertimill and (b) SMD (Lichter and Davey, 2006) 
Table 2.3 – Relationship between media size and number of balls per unit mass (after Lichter and Davey, 2006) 
Ball Size, 
mm 
Surface Area, 
m2/t 
Number of Balls,  
per t 
Number of Balls,  
normalized 
20 83.3 66,315 1 
15 111.1 157,190 2.4 
10 166.7 530,516 8 
5 333.3 4,144,132 62 
3 555.6 19,684,758 296 
2 833.3 66,314,560 1,000 
 
Although media size plays a significant role in stirred mill operation, He and Forssberg (2007) and 
Jankovic (2003) mentioned that “media size to the top feed size ratio” should not be the only 
criteria in selecting media for the stirred mill as other factors such as stirrer speed, ore properties, 
media density and mill type  has an interrelated effect.  
2.3.2 Media Density 
Gravity induced mills usually use denser, or heavier grinding media (steel media) and fluidized mill 
use lighter media (ceramic beads or sand) as already shown in Table 2.1. Jankovic (2003) 
mentioned that grinding efficiency in a stirred mill is dictated by a combined effect of media 
properties (density, size, shape), slurry density and stirrer properties (design and speed). He and 
Forssberg (2007) have conducted an experiment with a Drais Stirred Mill to determine the effect of 
media density over product size and energy efficiency by using quartzite (94.52% SiO2, F80 = 55 
µm). They found 5.4 g/ml ZrO2 beads were more energy efficient than 3.7 g/ml ZrSiO4 beads at a 
lower mill speed (i.e. < 1808 rpm), whereas a higher mill speed (i.e. 2255 rpm) showed the opposite 
result. Conversely, Gao and Frossberg (1993) examined 2.5 g/cc SiO2, 3.7 g/cc ZrSiO4 and 5.4 g/cc 
ZrO2 in a Drais Stirred Mill at a stirrer speed varying from 805 rpm to 2253 rpm to find the 
optimum media density. The result showed that ZrSiO4 was more energy efficient than SiO2 or ZrO2 
as depicted in Figure 2.6. Higher density media is harder to fluidize compared to the lower density 
a b 
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media. In this case, the active grinding zone for the high-density media is lower in volume 
compared to the low-density media that directly affects the grinding efficiency. Mankosa et al. 
(1986) compared the effectiveness of steel ball and glass media in a vertical stirred pin mill to 
determine the percentage of feed remaining in the mill at the same energy input. The steel media 
was found to be better than glass media, implying that media density is important for the required 
attrition force to break the feed particles. Zheng et al. (1996) found a surprising result while 
comparing glass bead and steel bead in a Vertical Pin Stirred mill grinding pure limestone. The 
authors calculated a higher energy efficiency of 15.06 m2/Wh for the glass bead compared to the 
steel bead of 8.24 m2/Wh. However, steel beads produced a larger increase in limestone surface area 
of 4.28 m2/cm3 compared with 3.98 m2/cm3 for the glass beads.  
 
 
Figure 2.6 - Energy efficiency versus media density at different mill speed (After Gao and Frossberg, 1993) 
Steel media are used mostly in gravity induced stirred mills and pin stirred mills whereas ceramic 
beads are used mostly for fluidized stirred mills (Lichter and Davey, 2006). Media density is more 
important for a fluidized mill operation compared to the gravity induced stirred mill as high-density 
steel beads are more suited for the low-speed coarse grinding application. Besides the grinding 
density, grinding media cost is a big driving factor as shown in Table 2.4 for the stirred mill 
operation as the mill is filled up to 70-80% (volume) by the media. 
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Table 2.4 – Media cost and consumption rate for stirred mill (after Lichter and Davey, 2006) 
Type Main Components Price, US$/ kg 
Approximate Consumption, 
kg/kW-hr 
Steel Media Fe/ Cr 0.4-1.5 0.02-0.01 
Attrition Sand Quartz 0.2 0.02 
Mullite ceramic Kaolin 0.8 0.01 
Glass Beads Quartz 3 0.01 
Alumina ceramic Alumina Oxide 15 0.005 
Zirconium silicate Zircon 18 0.005 
Table 2.4 allows to calculate the media cost per kWh grinding energy as shown in Figure 2.7. This 
data supports arguments of using low-intensity grinding (Sand in SMDs and steel in VTMs) 
allowed use of cheap media and therefore significantly lower operating costs compared with high-
intensity mills. 
 
Figure 2.7 – Grinding media cost per kWh of grinding energy (after Lichter and Davey, 2006) 
2.3.3 Media Loading 
Media filling is an important operational variable for stirred mill operation (He et al., 2006). Rahal 
et al. (2011) stated that additional breakage can be achieved by increasing the media load. This 
phenomenon has more influence for a vertical stirred mill as an increase in media loading will 
increase the power draw and active grinding zone volume that results in more particle breakage. 
The effect of “media to particle volume ratio” in the Vertical Pin Stirred mill has been investigated 
by Zheng et al. (1996) where the authors changed the media volume in the mill by keeping the solid 
concentration fixed. The authors found an increase in specific surface area with the increase in the 
media to slurry particle ratio. The optimum value was found at a ratio of 2.8 as shown in Figure 2.8, 
and the efficiency drops beyond this value. They proposed that more energy was required to move 
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the grinding media (as the grinding zone increases) in the stirred mill when the ratio was higher, and 
the best grinding conditions occur in the stirred mill when the particles just filled the voids in the 
grinding media packing. Celep et al. (2011) also observed a similar trend where an increase in 
media loading leads to the production of finer particles.  
 
Figure 2.8 - Effects of media to particle volume ratio in the vertical pin stirred Mill (Zheng et al., 1996). 
In addition to that, a model was also developed by Zheng et al. (1996) to formulate the critical ratio 
as shown in  Equation.2.1,  
R = 
𝟏−𝝐𝒎
𝝐𝒎(𝟏−𝝐𝒑)
           (2.1) 
where  
R  : optimum ratio for media to particle volume 
ϵm  : media packing porosity 
ϵp  : particle packing porosity 
According to the authors, media packing porosity of 0.4 and particle (limestone) packing porosity of 
0.47 provided the R-value to 2.8. The authors also mentioned that best grinding condition occurs in 
a mill when the voids in the grinding media are just filled with particles. For a stirred mill, the mill 
loading can be as high as 85% while it is typically 40-50% for the conventional ball mill.  
2.3.4 Stirrer Speed  
The increase in speed will increase the stress intensity in the mill, and it is an essential operating 
variable in stirred mill operation. It influences the interaction between grinding media and slurry. 
According to Fadhel and Frances (2001), the mill speed acts on the number of contacts between the 
media and the intensity of collision. They have found that increasing the agitation speed improves 
Chapter  2  
17 
 
the fineness of the product particles. They have also mentioned that the best energy efficiency in the 
mill occurs when the media stress intensity is just enough to break the intra-particle forces and/or to 
propagate cracks. These conditions favor a slower stirrer speed inside the stirred mill. Furthermore, 
Rahal et al. (2011) mentioned that there is an interaction between stirrer speed and design for 
maximum breakage. Zheng et al. (1996) also found that product surface area and energy input 
increase while energy efficiency (energy input to the volume of grinding materials) decreases with 
the increase in impeller speed as shown in Figure 2.9.  
 
Figure 2.9 - Effect of impeller speed in the stirred mill (Zheng et al., 1996) 
Cayirli et al. (2012) observed a reduction in P80 size and increase in energy consumption with the 
increase in the impeller speed similar to other authors as mentioned above. In contrast, Mankosa et 
al. (1989) produced a mean particle size of 7.8 µm at a speed of 1350 revs/ min and 7.3 µm for 790 
revs/ min by using a vertical pin stirred mill. They mentioned that a vortex was created inside the 
mill at a higher stirring speed that reduced the effective volume of comminution. Hence, the energy 
per unit volume of the mill was lower. Conversely, Gao and Frossberg (1993) mentioned that lower 
speed gives better energy utilization. According to the authors, increased energy input due to higher 
speed is not entirely used for size reduction rather it is used to activate the motor, overcome the 
mechanical difficulties and generate more heat. In addition, it should be noted that the higher stirrer 
speed increases the mill liner wear rate and generates additional heat inside the mill.  
2.3.5 Solid Concentration 
Zheng et al. (1996) stated that solid concentration is an important variable in the stirred mill 
operation as it has a direct impact on the product fineness and energy consumption. Lichter and 
Davey (2006)  mentioned that the Vertimill, Tower Mill, or Pin Mill can operate at a reasonably 
wide range of percent solids and the fluidized stirred mill has more sensitivity to slurry solids 
concentration compared to the gravity induced stirred mill. The Fluidized mill operates in the range 
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from 35% to 50% solids, and gravity induced stirred mill operates in the 50% to 80% solids range. 
Optimum solids concentration depends on the materials specific gravity and type of grinding 
device. Jankovic (2003) prepared slurries with 40%, 55% and 64% solids by weight and fed these to 
a pilot SAM mill to assess the effect of slurry concentration on the product size. The smallest 
product particle size was found with 64% solids as shown in Figure 2.10 (a). Moreover, higher 
solids concentration proved to be energy efficient as it ensured minimum media to media contact 
during comminution of the particles. Jankovic (1999) found a similar result in a Tower Mill where 
finer product is achieved at higher solid concentration for a given energy as shown in Figure 2.10 
(b). However at higher than optimum solids concentration, the mill energy efficiency decreases due 
to the increase in power draw caused by the viscous slurry inside the mill. Zheng et al. (1996) also 
found 65% to be optimum solids for the stirred mill operation with a vertical pin stirred mill similar 
to Jankovic (2003). The authors also observed that at higher solid concentration, the impeller 
agitated the solids around itself but the solids remained almost stationary near the mill wall. 
Moreover, they also monitored a rapid increase in the torque meter reading for the 80% solids slurry 
that indicated an adverse effect of viscosity inside the mill. According to Gao and Frossberg (1993), 
the effect of the mill speed on the energy utilization can be ignored as long as the stirrer mill 
operates below the optimum solids concentration, as after that optimum point slurry viscosity has an 
adverse effect on the energy utilization. Like the other authors, they also mentioned the optimum 
solids concentration was below 70% for stirred mill operation. Cayirli et al. (2012) also supported 
the findings of the above authors while grinding Sodium Feldspar in a lab scale vertical stirred mill. 
Mankosa et al. (1989) found an optimum slurry density of less than 60% when grinding coal in a 
vertical stirred mill. Conversely, He et al. (2004) mentioned that slurry viscosity starts affecting 
grinding performance for dolomite with particles less than 30μm when solids concentration 
increases from 65% to 75%. Yue and Klein (2004) mentioned that slurry optimum solids 
concentration is much lower for a  product size less than 25 µm and stays between 35% to 40% by 
weight. A Vertimill and Tower Mill operate in the range from 65-75% solids (Ntsele and Allen, 
2012), the IsaMill operates in the range from 40-50% solids for producing product size below 10 
µm (Pease et al., 2005), the HIG mill operates at 50% solids if solids density is 2.7 (Lehto et al., 
2013) and the VXPmilll has an operating range between 1.2 and 1.5 kg/L for open circuit grinding 
(Rahal et al., 2011).  
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Figure 2.10 – (a) Slurry percent solids effect on SAM mill (Jankovic, 2003) and (b) Tower Mill (Jankovic, 1999) 
The optimum slurry solids concentration increases the stirred mill throughput and minimizes 
specific energy consumption. Below the optimum level, the water washes particles away from the 
surface of the ball, reducing the opportunity for the particles being nipped between the media 
(Bazin and B-Chapleau, 2005). Therefore, energy is dissipated in heat energy due to the media 
collisions with each other and the mill wall. Slurry viscosity rises sharply at higher solids 
concentration that lowers the inter-media impact energy and requires higher energy to break the 
particles. Solids concentration in stirred mill is dependent on stirrer speed, types of ore being grind 
and the fineness of the grind.  
2.3.6 Grinding Time 
Grinding time can also be referred as particle residence time as it indicates how long a particle has 
spent in the mill grinding zone. Grinding time is critical for stirred mill operation as it defines 
product fineness and energy efficiency of the stirred mill. Product particle size decreases with the 
increasing grinding time and over-grinding of the particles occurs when particles stay longer than 
necessary in the mill. An optimum grinding time can ensure particles remain as much as required in 
the mill beyond which the mill energy efficiency decreases. Stirred mill optimum grinding time 
depends on ore characteristics and mill operating conditions. Ding et al. (2007) observed a higher 
pyrite breakage rate in the initial grinding stage, but later the fine production become constant with 
increase in grinding time. They also mentioned that the slurry rheological behavior changes with an 
increase in grinding time due to the production of the fine particles. Cayirli et al. (2012) tested the 
effect of grinding time of 30, 60, 90, 120 and 150 minutes in a batch laboratory pin stirred mill and 
found that energy consumption increased linearly with the grinding time.  However, they did not 
find the optimum grinding time beyond which fines production is constant in the mill. Toraman and 
a b 
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Katırcıoglu (2011) tested the effect of grinding time, stirrer speed, solids concentration and % ball 
load in 0.75 L vertical stirred mill and found that grinding time and stirrer speed had a strong 
influence over grinding efficiency, based on the specific surface area (m2/g) measurement. Patel et 
al. (2012) investigated optimum grinding time for producing barium sulfate nanoparticles in the 
Vertical stirrer pin mill. According to them, after the optimum grinding time, particle breakage was 
less effective due to increased inter-particle interactions. Zheng et al. (1996) found that 15 minutes 
grinding time produced twice the surface area as that of 5 minutes grinding time in a batch pin 
stirred mill. The result implies that fines production in the stirred mill declines with the increase in 
grinding time as smaller particles are harder to break.  
Ding et al. (2007) found a rapidly decreasing d50 of pyrite ore in a 0.5 L vertical stirred mill during 
the initial grinding time followed by a reduction in grinding rate as shown in Figure 2.11. The 
decrease in the grinding rate was attributed to the decrease in the cracks and defects within the 
pyrite particles plus the viscosity effects in the later stage of grinding.   
 
Figure 2.11 - Effect of grinding time on the median size of pyrite with the presence of the dispersant. (Ding et al., 
2007) 
Grinding time for the gravity induced stirred mill varies with circuit configuration and process 
needs. In general, to achieve a high reduction ratio, particles have a longer grinding time in the mill, 
and the exact value depends on ore mineralogy.     
2.3.7 Rheology  
As mentioned in the previous section, slurry rheology affects the grindability of a material. 
Rheology describes the shear stress and the shear rate relationship for fluids and slurries (Yue and 
Klein, 2004). The rheological behaviour indicates the inter-particle interaction or aggregation in the 
minerals slurry. Hence the energy efficiency and throughput in wet ultra-fine grinding operation can 
be increased by optimizing the rheological behaviour of the ground slurry (He et al., 2006). Physical 
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and chemical properties of slurry such as solids concentration, use of dispersant, particle size and 
distribution, particle shape, pH value and slurry temperature have a significant influence on the 
slurry rheology (He and Forssberg, 2007). It is desirable to run the mill with higher solids content to 
increase the throughput, but this may result in rheology issues. For example, Mankosa et al. (1989) 
found that the viscosity of the micronized fine coal (70 μm mass mean diameter) increases sharply 
when the solid concentration in slurry exceeds 60% by weight. The authors explained that the 
significant increase in viscosity causes the media and particles to form aggregates that adhere to the 
mill wall and a large amount of coarse material resulted in the mill product distribution. Ding et al. 
(2007) mentioned the critical solid content is 75% by weight (Figure 2.12) for a Vertical batch 
stirred mill and Yue and Klein (2004) mentioned 40% by weight for the horizontal Netzsch mill 
above which the slurry yield stress increases exponentially. Stirred mill should operate below the 
critical solid content level in the slurry to minimize the adverse effect of slurry rheology and 
increase the throughput.    
 
Figure 2.12 - Effect of slurry concentration on apparent viscosity of pyrite-heptane slurry (Ding et al., 2007) 
2.4 Mathematical Models for Stirred Mills  
Mathematical models for the stirred mill aim to describe the phenomena that are taking place in the 
mill. A model can be useful for predicting the product size, performance assessment and process 
optimization. Researchers have taken various modelling approaches such as mechanistic, semi-
mechanistic or empirical methods to represent the phenomena in the mill. Furthermore, 
computational modelling techniques such as Discrete Element Method (DEM) or Computational 
Fluid Dynamics (CFD) have also been applied to modelling the stirred mill (Beinert et al., 2015).  
Major contributions to the development of stirred mill models are described in Table 2.5. 
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Table 2.5 – Major contribution for developing model of different stirred mills 
Year Authors Title 
Mechanistic Models 
1996 
Kwade, A., Blecher, L  
Schwedes, J 
Motion and stress intensity of grinding beads in a stirred media mill. Part 2: 
Stress intensity and its effect on comminution 
1999 Kwade, A 
Wet comminution in stirred media mills - research and its practical 
application 
1999 Kwade, A 
Determination of the most important grinding mechanism in stirred media 
mills by calculating stress intensity and stress number 
1999 Jankovic, A Mathematical Modelling of Stirred Mill 
2001 Jankovic, A. Media stress intensity analysis for vertical stirred mills 
2001 
Becker, M., Kwade, A 
Schwedes, J 
Stress intensity in stirred media mills and its effect on specific energy 
requirements 
2002 
Kwade, A 
Schwedes, J 
Breaking characteristics of different materials and their effect on stress 
intensity and stress number in stirred media mills 
2004 
Stender, H., Kwade, A., 
Schwedes, J. 
Stress energy distribution in different stirred media mill geometries 
Empirical Models 
1978 Herbst , J.A. Fundamentals of fine and ultrafine grinding in a stirred ball mill 
1993 Tuzun, M.A A study of comminution in a vertical stirred ball mill 
1994 Duffy, M.A Investigation into the performance characteristics of Tower Mill 
2011 Mannheim, V Empirical and scale-up modelling in stirred ball mills 
Population Balance Models 
1987 
Stehr, N., Mehta, R. K., 
Herbst, J. A. 
Comparison of Energy Requirements for Conventional and Stirred Ball 
Milling of Coal-Water Slurries 
1993 Tuzun, M.A A study of comminution in a vertical stirred ball mill 
1995 
Guillaneau, J-C., 
Olofsson, O., Durance, 
M-V., Villeneuve, J 
Modelling of the Sala Agitated Mill (SAM) using BRGM Pilot Plant Data 
1999 Jankovic, A Mathematical Modelling of Stirred Mill 
2005 Yue, J., Klein, B. Particle breakage kinetics in horizontal stirred mills 
2012 
Mazzinghy, D., Alves, 
V., Schneider, C.L., 
Alvarenga, P.F.T., 
Galery, R. 
Predicting the size distribution in the product and the power requirements of 
a pilot scale Vertimill 
2014 
Mazzinghy, D.B 
Galéry, R., Schneider, 
C. L 
Scale up and simulation of Vertimill™ pilot test operated with copper ore 
2014 
Mazzinghy, D. B 
Russo, J. F. C 
Vertimill™ pilot scale tests simulated by perfect mixing model 
2015 
Mazzinghy, D. B. 
Schneider, C. L., Alves, 
V.K., Galéry, R 
Vertical Agitated Media Mill scale-up and simulation 
The following sections will evaluate some of the available published models.  
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2.4.1 Stress Intensity (SI) Approach  
The stress intensity approach calculates the number of grinding events and energy per event in a 
stirred mill operation. Both the number of grinding events and the energy per event depend on mill 
operating conditions and this modelling technique calculates the optimum operating conditions 
when numbers of grinding events and energy per event are sufficient to break particles in the stirred 
mill. The grinding media stress intensity approach was developed by Kwade in  Kwade et al. 
(1996), Kwade (1999 a), Kwade (1999 b), Kwade and Schwedes (2002), Stender et al. (2004), 
Becker et al. (2001) to develop a  model for a batch horizontal disc or pin type stirred mill. Later 
Jankovic (2001) modified the methodology to model a pilot scale Tower and Sala Agitated Mill.  
Jankovic (2001) has defined stress intensity as “the energy involved in a breakage event”. 
According to him, several stress events would be required to break the particles if the energy is too 
low. Excess energy per event will cause inefficiency due to applying more energy than that needed 
for breakage. Optimum operating conditions in the stirred mill ensure optimum stress intensity for 
particle breakage and this modelling technique can be used for measuring the performance of the 
stirred mill. 
According to Kwade (2006), the product quality and fineness in any grinding process depends on 
the type of stress event or breakage mode, the frequency of the stress event and the intensity of the 
stress event. Kwade (1999 a) formulated the model of the stress intensity for the horizontal stirred 
mill as follows:   
SI α SIGM = D3GM ρGM νt2          (2.2) 
where  
DGM  : media size (m)  
ρGM : media density (kg/m3) 
νt : stirrer tip speed (m/s) 
SIGM  : stress intensity of the grinding bead (Nm) 
For the grinding of highly elastic materials, such as the comminution of ceramic materials, Kwade 
(1999 a) and Becker et al. (2001) showed the stress intensity formula as follows:  
SI α SIP = D3GM ρGM νt2 (1+ 
𝐄𝐈𝐏
𝐄𝐈𝐆𝐌
)-1        (2.3) 
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where  
SIP : stress intensity of the product particle 
EIp  : modulus of elasticity of the product   
EIGM  : modulus of elasticity of the media materials  
According to Kwade, the two parameters SIGM and SIP are the measures of the grinding media 
acting in the stirred media mills.  
Kwade (1999 a) , Kwade and Schwedes (2002) and (Kwade, 2006), mentioned that the expression 
in the above equation holds true as long as the following conditions are fulfilled: 
 The viscosity effect in the grinding process is not included 
 The tangential velocity of the grinding media is proportional to the circumferential speed of 
the disc 
 The displacement of suspension between two approaching grinding media does not decrease 
the media velocity; hence the kinetic energy of the two grinding media remains the same 
 Only single particles are stressed intensively between the grinding media and hence the 
grinding media does not influence the stressing particle volume 
 The geometry of the mill is not changed 
Kwade (1999 a) also proposed the expression for the stress number that indicates the frequency of 
each feed particle being stressed as:  
SN α  
𝛗𝐆𝐌(𝟏−𝛜)
(𝟏−𝛗𝐆𝐌(𝟏−𝛜))𝐂𝐕
𝐧𝐭
𝐝𝐆𝐌
𝟐          (2.4) 
where 
𝜑𝐺𝑀 : filling ratio of the grinding media 
𝜖 : porosity of the bulk grinding media 
n : number of revolutions of the stirrer per unit time (s-1),  
t : comminution time (s)  
Cv : volume solids concentration of the product suspension and  
dGM  : diameter of the grinding media   
The overall specific energy consumption of the stirred mill can be measured through the product of 
stress number and stress intensity. According to Kwade (2006), there is no single value for the 
stress intensity and stress number, rather it needs to be expressed through a distribution. For the 
stress intensity, the distribution breadth depends on how the stress energy differs locally over time 
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and for the stress number, the distribution width is dependent on the residence time distribution of 
the particles inside the mill.  
The stress intensity approach can be used to optimize the mill behaviour. There is an optimum 
stress intensity for a stirred mill operation for which a target product size is obtained with the 
minimum energy consumption. Becker et al. (2001) used the stress intensity approach to optimize 
stirrer tip speed, grinding media size and grinding media density in the horizontal disc stirred mill 
by grinding limestone. They found that for a constant specific energy input, there is one 
characteristic relation between product fineness and stress intensity SIGM as shown in Figure 2.13.   
   
Figure 2.13 – Particle median size as a function of stress intensity and specific energy (Becker et al., 2001) 
Stress intensity approach is a good tool to model stirred mill operation; however, there are some 
apparent limitations. The current approach is only suitable for horizontal disc type stirred mills.  It 
is highly unlikely that only one particle will be captured between two approaching grinding media 
specifically for the high solids concentration minerals slurry. The assumption of the tangential 
speed of the grinding media being proportional to the tip speed of the disc stirrer might not hold true 
for different types of stirrer. Moreover, the reduction in velocity of two approaching media in slurry 
is significant for the high viscosity fluids fund in mineral processing slurry systems. Hence, the 
stress intensity model based on the stirred tip speed might not hold true for the high percent solids 
slurry. Besides, the model in its current form cannot be applied to the vertical stirred mill due to the 
effect of the gravitation force. Furthermore, Kwade and Schwedes (2002) mentioned that the effect 
of grinding chamber, stirrer geometry and suspension viscosity cannot be described through the 
stress intensity model. 
For the low speed vertical stirred mill, gravitational force must be considered along with the 
centrifugal force. Jankovic (2001) stated that for the vertical stirred mill, the gravitational force is 
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dependent on the media height and the mill design. He formulated a stress intensity model for a 
vertical pin stirred mill and Tower Mill by considering media pressure distribution in the mill. The 
gravitational stress intensity of the grinding media for the Tower Mill was expressed as follows: 
SIgm = K Dm2  (𝐃−𝐃𝐬)(𝛒𝐆𝐌−𝛒)
𝟒∗µ
         (2.5) 
where  
SIgm : gravitational stress intensity of the grinding media (Nm) 
D : mill diameter (m) 
Ds  : screw diameter (m) 
µ : coefficient of friction,  
ρ  : slurry density (kg/m3) 
K : ratio between vertical and horizontal media pressure 
The Pin stirred mill stress intensity was formulated as follows:   
SIgm = Dm2 (ρGM – ρ) g h          (2.6) 
where 
g : gravitational constant (m/s2) 
h : media height (m).  
Jankovic (2001) used the stress intensity formula shown in Equation 2.2 to formulate the total stress 
intensity effect in the Tower Mill or the vertical pin mill. However, Equation 2.2 is only applicable 
for the horizontal stirred mill and the media velocity significantly differs from the stirrer tip speed 
in the vertical stirred mill due to the gravity effect specifically for the gravity induced stirred mill. 
Furthermore, some of the parameters of the above models in Equation 2.5 and Equation 2.6 are 
difficult to measure such as coefficient of friction and vertical and horizontal media pressure ratio; 
especially for the industrial-scale mill. Assessing the applicability of the model to industrial-scale 
mineral processing technology requires further work. The stress intensity modelling technique does 
not generate a product size distribution or provide any information about the amount of fines 
generated at the optimum conditions of the stirred mill operation. Hence, this modelling 
methodology cannot produce the data required to simulate flotation or leaching processes in the 
mineral processing circuit. 
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2.4.2 Size Reduction Model 
Size reduction for the stirred mill can modelled using either the empirical approach or the 
population balance approach. The empirical approach mainly combines measurable process 
variables, energy usage and product size in such a way that it can be used to predict a single size or 
size distribution of a mill. In general, empirical models are not robust and are developed for a 
specific stirred mill application. Moreover, empirical models are not able to generate the entire 
product size distribution. However, this approach is useful for immediate use for any specific stirred 
mill operation. According to Herbst (1978), the population balance approach comprises the “particle 
number balance for each particle size” in a process. The population balance model is more robust, 
and it can describe a process in detail with two functions i.e. selection and breakage functions.  
2.4.2.1       Empirical Models 
2.4.2.1.1  Herbst (1978) 
The authors used the Charles (1957) equation to correlate the energy input to the median size of 
product size distribution, as formulated below, 
Ē =  𝐀𝐝𝐦,𝐩
−𝛂            (2.7) 
where  
Ē : energy input to the mill 
A : constant 
α : constant  
dm,p  : median size of the product (d50) 
Their experiments used a pin type stirred ball mill while varying material type, rotational speed, 
solids concentration and media size. The linear regression showed that the α is equal to 1.8 
irrespective of the mineral type for the stirred mill and different A values were found for different 
minerals as shown in Table 2.6   
Table 2.6 - Values of Charles constant A for different minerals (Herbst 1978) 
Materials A [kWh/t (µm)1.8] 
Chalcopyrite 460 
Limestone 500 
Cupric Oxide 660 
Quartz 920 
Coal 3000 
The authors mentioned that the empirical relation would be useful for the scale-up purpose as it 
could predict the median size of the product for given energy input independent of the stirrer size 
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and the operating condition applied, based on the available data set. The experiment shows an early 
attempt to model the stirred mill technology, but the empirical relationship does not have the 
capability to predict the entire product size distribution. Moreover, the P80 could be a more useful 
representation of size in the model instead of the median size as it is widely accepted in the mineral 
processing industry.     
2.4.2.1.2  Tuzun (1993) 
Tuzun used Charles energy size relationship and Rosin-Rammler- Bennett equation to describe the 
product size distribution for a 5-liter batch pin stirred mill by grinding chromite sand. He used 24 
factorial design matrix to conduct 16 test runs by varying pulp density (ρρ), impeller pin tip velocity 
(v), media ball density (ρb) and media ball size (d) of two levels.  
The empirical equation was developed as below: 
Y =1- 𝐞
− 
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     (2.8) 
where  
Y : cumulative fraction finer than given size x 
E : energy expended for size reduction,  
V : pin impeller tip velocity 
ρb  : media density 
d : media diameter   
κo : size modulus of the feed at 63.2% passing 
 
The equation was useful to predict the product size distribution at any energy input and grinding 
conditions within the range of variables used for the tests. However, this model was developed only 
for the batch pin type stirred mill and could be different if other operating variables were 
incorporated. Also, the model needs to validated for the industrial application.   
2.4.2.1.3  Duffy (1994) 
Duffy established a relationship between characteristic reduction ratio with process variables to 
describe the mill product size. The model was developed by using a pilot Tower Mill data set 
collected at the Hilton Mine near Mount Isa. The model showed by the author as below form, 
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RRc = Kc (Ei)x(bsize)y(Fc)z         (2.9) 
where 
RRc : characteristics reduction ratio 
Ei : input energy (kWh/t) 
bsize : ball size (mm) 
Fc : characteristic feed size (µm) 
Kc : constants 
x, y, z : constant 
Constant values in Equation 2.9 are shown in Table 2.7 to predict the product size of the Tower Mill 
with a reasonable degree of accuracy. However, the model is site and case specific.   
Table 2.7 - Constants value for the model fitting in 50% and 80% passing (Duffy1994) 
RRc  
(% Passing) 
50% 80% 
Kc 0.031 0.182 
X 0.264 0.28 
Y -0.376 -0.494 
Z 1.220 0.706 
 
2.4.2.1.4 Mannheim (2011) 
The author used the Rosin-Rammler function to describe the particle size distribution by carrying 
out the experiments in a 0.71-liter vertical disc stirrer mill.  The experiments were conducted by 
varying filling ratio (0.7-0.8), stirrer speed (1440-2880 min-1), solid mass concentration (0.2-0.4) 
and grinding time (1-20 min). The developed Rosin-Rammler function is shown as follows:  
F(ξ) = 1- exp[− (
𝛏
𝟏.𝟒𝟕𝟗
)
𝟏.𝟎𝟑𝟖
]        (2.10) 
where  
ξ : relative particle size (ξ = x/x50) 
F(ξ) : cumulative mass fraction passing size x. 
Mannheim (2011) also developed another empirical relation where grinding fineness was related to 
the specific grinding work through ore grindability index number (Cmix). The model is shown as 
follows: 
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X50 =  
𝐂𝐦𝐢𝐱
𝐖𝐟
𝐦            (2.11) 
where  
m : exponent  
Wf  : specific grinding work (kWh/t) 
The values Cmix and m for the several reference materials are shown in Table 2.8. 
Table 2.8 - Value of Cmix and m developed by Mannheim (2011) 
Reference Materials Cmix m 
Pumice 15.320 0.198 
Andesite 11.070 0.204 
Limestone 7.380 0.190 
Tailings of Ore 14.450 0.230 
 
The model is mill and materials specific and do not predict the entire particle size distribution.  
2.4.2.2  Population Balance Models (PBM) 
Epstein (1948) introduced the concept of population balance modelling in the comminution process 
through defining the selection and breakage functions. According to Epstein, the selection function 
is the probability of a particle being selected for breakage, and the breakage function is the size 
distribution of the broken particles. This fundamental idea was used to develop time or energy-
based population balance models or content based perfect mixing models. 
Austin et al. (1984) developed the kinetic population balance model where the concept of rate-mass 
balance of each particle size was quoted. Instead of numbers of particles, the mass of the particles 
was considered in the model. The final form of time based PBM is shown in Equation 2.12: 
𝐝𝐦𝐢(𝐭)
𝐝𝐭
 = -Simi(t) + ∑ 𝐛𝐢,𝐣𝐒𝐣𝐦𝐣(𝐭𝐢−𝟏𝐣=𝟏,𝐢>𝟏 )       (2.12) 
where 
mi(t) : mass fraction in i
th size fraction 
t : grinding time 
Sj : selection function for j
th size fraction  
bi,j : breakage function 
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Herbst  and Fuerstenau (1980) had proposed a technique to scale-up the breakage parameters 
developed from a batch scale grinding mill. The authors introduced specific breakage rate or 
selection function (t/kWh) formulated as follows: 
SiE = Si [
𝑯
𝑷
]           (2.13) 
    
where 
Si
E : specific breakage rate or selection function 
H : mill hold-up 
P : power input to the mill 
This has led to the specific energy based population balance model and its form is as follows: 
 
𝐝𝐦𝐢(𝐄) 
𝐝𝐄
 = -𝐒𝐢
𝐄mi (E) + ∑ 𝐛𝐢,𝐣𝐒𝐣
𝐄𝐦𝐣(𝐄)
𝐢−𝟏
𝐣=𝟏,𝐢>𝟏        (2.14) 
where 
E : specific energy input to the mill (kWh/t) 
The perfect mixing model proposed by Whiten (1974) assumes that the mill contents are perfectly 
mixed, and its form is as follows: 
𝐝𝐬𝐢
𝐝𝐭
 = fi - pi + ∑ 𝐚𝐢𝐣𝐫𝐣𝐬𝐣𝐢𝐣=𝟏,  - risi        (2.15) 
pi = disi             
where 
fi : mass flow of size fraction i in the feed 
pi : mass flow of size fraction i in the product 
si : mass of size fraction  
ri : breakage rate of size fraction i 
aij  : appearance function 
Many researchers have tried various approaches of population balance modelling technique to 
model a range of stirred mills. These modelling approaches are described in the following section.  
2.4.2.2.1 Stehr et al. (1987) 
The authors used population balance technique to analyze different coal grinding tests performed in 
a horizontal pin stirred ball mill and a tumbling ball mill for comparison purposes. Test conditions 
for both the stirred and ball mill are shown in Table 2.9.    
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Table 2.9 – Test conditions described by Stehr et al. (1987) 
Mill Type 
Grinding 
Media 
Size Mill speed 
Slurry 
Concentration 
Mill 
Filling 
Horizontal Pin 
Stirred Mill 
Chromanite 
Beads (ρ = 
7.84 cm3) 
3 mm 
5 m/s – 7 m/s  
(Stirrer tip speed) 
45% (w/w) 63% 
Ball Mill Steel Balls 
38 mm to 12.7 
mm 
0.75 of Critical Speed 45% (w/w) 50% 
The population Balance Model was used in its energy normalized form, for evaluating the grinding 
results, upon which a meaningful comparison of breakage parameter for different grinding devices 
and operating conditions was possible. For the case of linear grinding kinetics, the size - discretized 
grinding process was characterized by the specific selection function, Si
E and the breakage function, 
Bij. Mono-size particle grinding tests were carried out under various operating conditions to 
determine the breakage functions for both the stirred mill and tumbling mill. The breakage function 
was determined from a fine size production plot due to the satisfactory linearity of the mono feed 
size disappearance plots. The breakage function was formulated following Austin et al. (1984) 
model and shown as follows: 
Bij = α1 (
𝐱𝐢
𝐱𝐣+𝟏
)
𝛂𝟐
+ (1-α1) (
𝐱𝐢
𝐱𝐣+𝟏
)
𝛂𝟑
        (2.16) 
The constant for the breakage function was prescribed as follows:  
  Stirred Ball Mill α1 = 0.60; α2 = 0.70; α3 = 4.16; 
  Tumbling Ball Mill α1 = 0.42; α2 = 0.80; α3 = 1.84; 
The constant shows that the stirred mill produces higher proportion fine particles and a slightly 
higher percentage of daughter fragments close to the parent size compared to the tumbling mill as 
Figure 2.14 shows.   
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Figure 2.14 - Breakage function at normalized size variables xi/xj+1 (Stehr et al., 1987) 
The complete set of specific selection function Si
E for the various grinding test were estimated by 
nonlinear regression of experimental data using the ESTIMILL simulator for “grinding simulation 
and parameter estimation using linear models”. The simulator used the calculated breakage function 
shown above while estimating the selection function and the set of selection functions were reduced 
to a log-polynomial function of adjustable order i.e.: 
SiE  = S1E exp {−∑ 𝛇𝐣 (
𝐥𝐧 (𝐱𝐢𝐱𝐣+𝟏)
𝟏/𝟐
(𝐱𝟏𝐱𝟐)𝟏/𝟐
)
𝐣
𝐣=𝟏 },  j = 1, 2, ……., etc    (2.17) 
where  
S1
E and  ζj are the function parameters. 
The authors found that second order selection function was appropriate for all the tests performed in 
the stirred and the tumbling ball mill. Comparing the selection function at different particle size as 
shown in Figure 2.15, revealed that stirred mill specific selection function was more constant over 
the size range compared to the ball mill, and the tumbling mill has a higher selectivity at coarser 
particles sizes and lower selectivity at finer particles sizes compared to a stirred mill. 
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Figure 2.15 - Specific selection function for stirred mill and tumbling mill (Stehr et al., 1987) 
Importantly, the work showed that the population balance technique can accurately represent the 
breakage process in a stirred mill. A methodology has been developed in this work to compare the 
performance of different grinding technologies using the population balance technique. However, 
the limited dependency of the selection function over a wide size range requires further 
investigation as it might not hold true for all stirred mill types.   
2.4.2.2.2 Menacho and Reyes (1989) 
A scale-up model for the Tower Mill was developed by using a 3 kW batch and 15 kW pilot Tower 
Mill and later the result was compared with a 11
1′
2
 x 16’ ball mill engaged in copper regrinding 
circuit. Test results for the stirred mill were interpreted in terms of the simplified energy based 
grinding kinetic model before comparing with a ball mill. The batch Tower Mill was used to 
develop breakage and selection function. The pilot Tower Mill test work was compared with batch 
mill test work results to develop the scale-up relationship. Later, the ball mill grinding performance 
data were compared with the pilot Tower Mill data to determine the efficiency of these two mills in 
the regrind stage. A series of test work in the pilot Tower Mill were carried out by varying feed rate, 
media size distribution and recycling system to the mill. The feed to this test work was a fraction of 
the regrind ball mill feed. Test work results from the pilot Tower Mill were used to develop the 
simplified energy based grinding kinetic model as follows: 
 (1-Pi) = (1-Fi) / (1 + Si 𝛕)         (2.18) 
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where    
Fi, Pi : cumulative mass fraction passing size xi in the mill feed and product 
Si : selection function or rate of breakage of size class xi , and represents fraction of materials 
   ground below that size per unit time. 
𝜏 : (W/Q), mean residence time (h) 
Q, W : mill throughput (t/h) and mass hold up inside the mill (t) 
Defining  SiE  = Si / (P/W) yields, 
(1-Pi) = (1-Fi) / (1 + SiE E)          (2.19) 
Where  
Si
E  : apparent reduced rate of breakage (t/kWh) of size class i, defined as tonnes of    
   materials ground below that size per unit energy demanded by the mill 
E : (P/Q), Specific energy consumption (kWh/t) 
P : net mill power (kW) 
The 6.5 liter (3 kW) batch unit was used to characterize the grinding process in the Tower Mill 
using the standard single size fraction model. Disappearance plots (Figure 2.16 a) showed excellent 
agreement to the first order hypothesis and Si as a function of particle size (Figure 2.16 b) followed 
a straight line over the whole size range.  
 
Figure 2.16 - Disappearance first-order plots (a) Specific rate of breakage versus particle size (b) for copper 
concentrate batch test in a 6.6 liter Tower Mill (Menacho and Reyes, 1989) 
The breakage distribution function, Bij shown in Figure 2.17(a) indicates approximate normalizable 
values with regard to its parent particle size.  A single Schuhmann equation was sufficient to 
describe Bij values as a function of relative size xi/xj. Figure 2.17(b) shows that reduced specific 
selection function and apparent reduced specific selection function effectively lie on the same 
curve. Consequently, the simplified grinding model was sufficient to describe breakage in a Tower 
Mill and overall scale-up analysis was conducted in terms of the apparent Si
E function.   
a b 
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Figure 2.17 – (a) Breakage distribution function versus relative particle size (b) Reduced specific rate of 
breakage and apparent reduced specific rate of breakage versus particle size for copper concentrate batch test in 
a 6.6 liter Tower Mill (Menacho and Reyes, 1989) 
Correlation between apparent Si
E values at laboratory and pilot scale showed a single relation for 
any particle size; hence, 53 µm was chosen as a reference size for the scale-up relation. For a 15 kW 
Tower Mill and 240 kW Tower Mill, the scale-up relations are shown as follows: 
SiE  = {
𝐬𝐢 𝐭𝐞𝐬𝐭
𝐄  (
𝐏
𝐏𝐭𝐞𝐬𝐭
)
𝟎.𝟎𝟖𝟗
                            𝐏 ≤ 𝟐𝟒𝟎 𝐤𝐖
𝐬𝐢 𝐭𝐞𝐬𝐭
𝐄  (
𝟐𝟒𝟎
𝐏𝐭𝐞𝐬𝐭
)
𝟎.𝟎𝟖𝟗
                           𝐏 ≥ 𝟐𝟒𝟎 𝐤𝐖
     (2.20) 
The scale-up factors provided for the above equation are 1.32 and 1.72 for describing the 15 kW 
and 240 kW Tower Mill respectively when the test work was conducted in the 3 kW batch Tower 
Mill. 
The authors mentioned that more test work is required with the large unit to prove the 
appropriateness of the scale-up equation, suggesting the experimental dataset was too small. In 
addition, inconsistent scale-up factor needs further investigation before using for the design 
purpose. Besides, the effects of changing process variables are not included in the developed model. 
Moreover, the model might be material dependent, and more test work with other types of materials 
is required to develop a robust model. Furthermore, the specific selection function does not indicate 
how far the mill can grind efficiently.  
2.4.2.2.3  Tuzun (1993) 
The author developed a specific selection function model using two mono size fractions (-53+38 
and -38+25) to determine the selection and breakage functions for the batch grinding population 
balance model. The experimental conditions are same as in Section 2.4.2.1.2. The author found a 
first order breakage rate and hence, a first order model appeared to be suitable for the stirred mill. 
The cumulative breakage function was determined through a graphical method by using Equation 
2.21. 
a b 
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Bi1 =  
𝐅𝐢
𝐄
𝐒𝟏
𝐄           (2.21) 
where Fi
E is the initial slope of the cumulative mass fraction finer than the size interval i against the 
specific energy input Ē.  A 23 experimental design matrix was followed to determine the breakage 
function. All breakage functions for the test work were normalizable and not greatly sensitive to 
milling conditions such as pin tip velocity, ball size, and density. As a result, the cumulative 
breakage parameter Bij was fitted using experimental data with following empirical function, 
Bij = (
𝐱𝐢
𝐱𝐣+𝟏
)
𝟏.𝟎𝟕
          (2.22) 
The Rosin-Rammler equation was used to express the equation of the product size distribution of 
batch grinding tests that provided the specific selection function to the below form: 
SiE = Axiα           (2.23) 
where 
xi :  upper limit of the size fraction 
A, α : descriptive parameters that depend on the grinding conditions and properties of the 
material being ground 
The value of α was determined to be 1.23 by a computer program based on Reid’s solution (Reid, 
1965) and ‘A’ was expressed with change in operating conditions using linear regression analysis, 
A = 0.0139V-0.473ρb-0.146 d– 0.832        (2.24) 
where 
V : pin tip velocity of the pin stirred mill 
ρb  : ball density 
d : ball size 
The full form of the specific selection function was formulated as: 
SiE = 0.0139 V-0.473ρb-0.146 d– 0.832 (
𝐱𝐢
𝟏𝟎𝟎
)
𝟏.𝟐𝟑
        (2.25) 
According to Equation 2.25, the specific selection function value decreases when pin tip velocity 
increases. This claim requires further investigation as in general, particle selection function in the 
stirred mill increases with tip speed. The author mentioned that the developed specific selection can 
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be used directly to predict continuous mill performance, but that also requires further investigation. 
However, this technique has the advantages of predicting the product size distribution with the 
changing process variables. This approach can be used to determine the selection function of a 
gravity induced stirred mill. However, the relationship of the selection function to mill operation 
will be different for screw-type stirrer mills.    
2.4.2.2.4  Guillaneau et al. (1995) 
The authors used a simplified solution of the Population Balance Model for modelling the Sala 
Agitated Mill (SAM) by using a pilot scale 7.5 kW Sala Agitated Mill. In total 27 test runs were 
completed by varying media load, solid concentration, and feed rate. The pyritic feed was ground in 
a ball mill before being introduced to the SAM mill. The residence time distribution (τ) of m equal 
mixers in series was incorporated in the population balance model and presented as follows: 
P(xi) = 1 – 
𝟏−𝐅(𝐱𝐢)
(𝟏+
𝐒𝐢−𝟏𝛕
𝐦
)
𝐦          (2.26) 
where  
P(xi) : product size distribution,  
F(xi) : feed size distribution 
Si  : Selection function  
The selection function dependence on particle size was expressed as: 
Si = K(xi-d)α           (2.27) 
where  
K  : constant 
α : constant 
d : correction factor for the finest particle sizes.  
However, d needs to be determined when small products particle sizes are expected.   
In order to determine the residence time, Barite was added to the material flow as a tracer for a short 
period. The discharge from the mill was sampled at one-minute intervals and the grades of barium 
in the dried sample were analyzed. The residence time distribution (RTD) test results were 
compared with three different mixers-in-series approaches and it was found that the N equal-sized 
mixers in series model fitted the results best.  
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The author mentioned that Sala Agitated Mill had 1:1 scale-up performance. Hence, the breakage 
function B values are the same irrespective of the mill size and selection function, S was directly 
proportional to the power divided by the solid flow rate. They concluded that the 7.5 kW Sala 
Agitated Mill could be used to simulate any size mill. The model was validated with several data 
sets and most of the predictions were satisfactory.  
This work has some deficiencies such the model for the 1:1 scale-up is not published and also there 
was no reference about the source of the RTD model present in the paper. Moreover, the selection 
function presented in the paper omits the effect of changes in process variables.  
2.4.2.2.5  Jankovic (1999)  
Jankovic used Whiten’s (1974) perfect mixing mass model as adapted by Morrell et al. (1993) to 
formulate a size reduction and scale-up technique both for the Tower Mill and pin mill. The 
discharge function was incorporated into the population balance model and expressed as follows: 
Pi = fi – Pi 
𝐫𝐢
𝐝𝐢
 + ∑ 𝐚𝐢𝐣
𝐢
𝐣=𝟏  rj 
𝐫𝐣
𝐝𝐣
         (2.28) 
Hence for a given set of feed and product data, the (
ri
di
) parameter can be back calculated. Also the 
change in residence time with the change in mill volume was expressed as follows: 
di =  
𝐯
𝐕
 di*            (2.29) 
where 
v : volumetric flow-rate in the mill,  
V : mill volume 
di
*  : normal discharge rate which should be near unity and constant for no classification of the 
   discharge.  
The breakage rate parameter can be defined as follows:  
𝐫𝐢
𝐝𝐢
 =  
𝐯
𝐕
 
𝐫𝐢
𝐝𝐢
∗           (2.30) 
Hence knowledge from a given mill feed and product, the breakage distribution function aij 
determined from a lab test, the ratio parameter function 
ri
di
∗ may be calculated. After that, the mill 
product can be predicted.   
Chapter  2  
40 
 
Jankovic used the breakage rate function proposed by Morrell et al. (1993) for the scale-up work. 
The proposed scale-up procedure had been formulated based on power and described as follows: 
(
𝐫𝐢
𝐝𝐢
∗)pilot  =  
(
𝐫𝐢
𝐝𝐢
∗)
𝐥𝐚𝐛
𝐁𝐥𝐚𝐛
𝐏𝐥𝐚𝐛
 * 
𝐏𝐩𝐢𝐥𝐨𝐭
𝐁𝐩𝐢𝐥𝐨𝐭
        (2.31) 
The scale-up procedure was applied to the Tower Mill to simulate the product size. It was found 
that majority of the scaled-up mill particle sizes were coarser than the experimental results as shown 
in Figure 2.18 (a). Average error and standard deviation were high which indicated that the scale-up 
procedure underestimates the Tower Mill performance. For the pin mill, the scaled-up mill particle 
sizes were finer than the experimental results as shown in Figure 2.18 (b). Average error and 
standard deviation value, it was found that scale-up procedure overestimates pilot pin mill 
performance.   
 
Figure 2.18 – Error associated with power scale- up method proposed by Morrell et al. (1993) for (a) Tower Mill 
(b) pin mill  (Jankovic, 1999) 
Jankovic had proposed the RBSG (rate of breakage site generation) method for the scale-up 
procedure as follows: 
(
𝐫𝐢
𝐝𝐢
∗)pilot =  
(
𝐫𝐢
𝐝𝐢
∗)
𝐥𝐚𝐛
(𝐑𝐁𝐒𝐆)𝐥𝐚𝐛𝐁𝟐𝐥𝐚𝐛
 * (RBSG)pilot * (B2) pilot      (2.32) 
 RBSG for the Tower Mill was formulated as follows: 
RBSG = RBSG at tip zone + RBSG in free zone + RBSG due to different media falling velocity in 
the annular region + RBSG at the interface between the screw stirrer tip and free zone + RBSG at 
the screw surface. Hence,  
a b 
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RBSG = Rrt + R rf + Rv + Ri+ Rsl        (2.33) 
Calculating RBSG required information like media height, screw thickness, screw pitch, mill 
diameter, screw diameter, screw shaft diameter, stirrer angular velocity, media size and helix angle 
for both the batch mill and continuous mill. The scale-up procedure based on RBSG method 
showed a strong agreement between the laboratory and pilot mill. Also, F80 and P80 values for the 
laboratory and pilot mill were almost matched, as shown in Figure 2.19. 
 
 
Figure 2.19 -  Pilot Tower Mill experiment and scaled-up specific breakage rate and product size distribution for    
(a) (F80/P80) pilot  = 66.7/39.3 and (F80/P80) lab  = 68.2/41.2  (b) (F80/P80) pilot  = 74.7/33.7 and (F80/P80) lab  = 68.2/41.2  
(Jankovic, 1999) 
The scale-up procedure needs validation with industrial mill data. Also, the RBSG model needs 
more investigation to be used for the scale-up work. In addition to that, the RBSG methodology has 
not been utilized by the Authors or any other researchers to scale-up stirred mills.  
2.4.2.2.6  Yue and Klein (2005) 
The population Balance method proposed by Austin et al. (1984) was used to calculate the particle 
breakage kinetics of the quartz particle by using a continuous Netzsch LME4 stirred mill. Product 
a a a 
b b b 
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size distribution was characterized through an empirical model by using Gaudin-Schumann and 
Rosin-Rammler equation. The Gaudin-Schumann equation is presented in the paper as follows: 
Wp = 100 (x/k)m          (2.34) 
where 
Wp : weight percent passing 
X : particle size 
K : size modulus 
m : distribution modulus 
The Rosin-Rammler model was described as follows: 
Wr = 100 exp[-(x/a)b]         (2.35) 
where  
Wr : weight percent retained 
X : particle size 
a  : size at which 36.8% of the particle retained 
b : distribution coefficient.   
The correlation coefficient R2 showed that the Rosin–Rammler model fits data better than the 
Gaudin-Schuhmann model. Figure 2.20(a) shows the fitted Rosin-Rammler model to feed sizes and 
Figure 2.20(b) shows the fitted Rosin-Rammler model to product sizes. In the model, the size 
coefficient was 53.92 and distribution coefficient was 1.38.  
 
Figure 2.20 - (a) Feed and (b) Product particle size distribution of the grinding test with fitted Rosin-Rammler  
equation (Yue and Klein, 2005) 
The monosize fraction technique was used to determine the selection function S, by using the 
following equation proposed by Austin (Austin et al., 1984) 
a b 
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log W(t) = logW (0)- (St)/2.3        (2.36) 
where 
W(0) : top size fraction of the feed 
W(t) : top size fraction the product at time t 
S :  selection function 
The breakage rates were determined using +97 µm and +64 µm fractions and the tests were 
conducted at three solid contents of 30%, 35% and 40% by weight. Figure 2.21 (a) depicts an 
increasing breakage rate with a decreasing solid content. For determining breakage rate based on 
Austin’s one-size-fraction technique, the authors chose 5%, 10% and 20% as top size fraction for 
the particle size distributions of the grinding product of the mill. Breakage rate was calculated for 
those factions by using Equation 2.36 and it was found that 10% top size fraction more closely 
represents the mill breakage rate than the 5% or 20% top size in the feed, as shown in Figure 2.21b. 
The authors also confirmed that linear portion of the Austin breakage rate or selection function 
model can be used to represent stirred mill breakage.  
 
Figure 2.21 - (a) Breakage rate at different percent solids; (b) Specific breakage rate at different top particle 
sizes (Yue and Klein, 2005) 
The straight line portion of the Austin model was used to describe the result for the specific 
breakage rate-particle size relationship as below, 
k = S1dpα            (2.37) 
where 
S1 : specific breakage rate at 1 mm; S1 was determined to be 0.0035   
α : slope of the line ; α  was 0.51. 
 
a b 
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The researchers determined a grinding limit in the mill that depends on the effective stress created 
in the mill. They also mentioned that the effective stress is dependent on the bead size, agitator 
speed and pulp density.  
The authors clearly stated that linear portion of Austin selection function is sufficient to describe 
stirred mill breakage, and this approach will be adapted to this research work. However, the specific 
breakage rate equation developed in the paper is not able to adjust to the change in process variables 
except the percent solids. Furthermore, the developed model is not supported by industrial scale 
mill data.  
2.4.2.2.7 Mazzinghy et al (2012-2015) 
Mazzinghy et al. (2012), Mazzinghy et al. (2014), Mazzinghy and Russo (2014), Mazzinghy et al. 
(2015a), Mazzinghy et al. (2015b) have pioneered modelling of the Vertimill through the 
population balance approach. The researchers have tried the time-based population balance model 
developed by Austin et al. (1984), specific energy based population balance model developed by 
Herbst  et al. (1985) and perfect mixing model developed by Whiten (1974) to predict product size 
distribution of a pilot scale Vertimill. Iron and copper ore were used as test materials, and the model 
parameters were developed from a batch tube mill. Specific selection function (Si
E) and breakage 
function (bij) were developed through BatchMill
TM software where iron and copper produced 
different specific selection and breakage function parameters. A scale-up factor of 1.35 was used to 
the specific selection function parameter S1
E by considering the higher energy efficiency of the 
Vertimill compared to the ball mill.  
The tests were carried out to find the effectiveness of the Vertimill in the primary grinding stage. 
For that, both coarse iron and copper samples (100% <6.3mm) were ground in a pilot Vertimill 
closed with Derrick Screen. The feed size distribution for the test work is shown in Figure 2.22, 
where iron ore has four different size samples and copper has a single type of sample. In the pilot 
Vertimill, the coarsest sample for both Cu and Fe were ground with coarser grinding media with a 
top size of 35 mm. Later, an iron ore sample A was ground with grinding media with the top size of 
25 mm and fine samples (B, C) were ground with finer grinding media with a top size of 19mm. 
Later, these samples were ground in a tube mill to develop specific selection function (Si
E) and 
breakage function (bij). The specific selection and breakage function for both the ores are shown in 
Figure 2.23 and Figure 2.24 respectively.  
Chapter  2  
45 
 
 
Figure 2.22 - Feed size distribution for the pilot Vertimill test work (a) Iron ore (Mazzinghy et al., 2015b) (b) Cu 
Ore (Mazzinghy et al., 2014) 
 
Figure 2.23- Specific selection function for the pilot Vertimill test work (a) Iron Ore (Mazzinghy et al., 2015b) (b) 
Cu Ore (Mazzinghy et al., 2014) 
 
Figure 2.24 - Breakage function for the pilot Vertimill test work (a) Iron Ore (Mazzinghy et al., 2015b) (b) Cu 
Ore (Mazzinghy et al., 2014) 
a b 
Iron ore 
Iron ore Cu ore 
Cu ore 
Iron ore 
 
 
Cu ore 
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Figure 2.23 (a) shows that smaller media generates higher breakage rate compared to coarse media 
at the same energy input for grinding iron ore. However, the larger media size generates a linear 
specific selection function that indicates it could break the top feed size effectively. The specific 
selection function for the copper ore in Figure 2.23 (b) shows a linear increase with the increase in 
particles size, indicative of the efficient breakage of the top size in the mill. Figure 2.24 (a) shows 
the breakage function for iron ore where a higher amount of fines is generated when coarse media 
was used to break the feed size. The developed breakage and selection function parameters were 
then used in the ModsimTM simulator after multiplying with the scale-up factor to predict the 
product size distribution of both iron and Cu ore ground in the pilot Vertimill as shown Figure 2.25. 
 
 
Figure 2.25 – Predicted value using breakage parameters compared with measured value for a pilot Vertimill (a) 
Iron Ore (Mazzinghy et al., 2015b) (b) Cu Ore (Mazzinghy et al., 2014) 
Iron Ore Iron Ore 
Iron Ore Iron Ore 
Cu Ore 
a a 
a a 
b 
Mill feed 
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The authors later extended their work by using the Austin time-based population balance model to 
simulate product size distribution for the samples A, B and C shown in Figure 2.22 and the 
breakage parameters are shown in Table 2.10. 
Table 2.10 - Breakage parameters developed for a pilot Vertimill test work using the Austin Characterization 
Procedure (Mazzinghy et al., 2015a) 
Sample 
Selection Function Breakage Function 
S1 (min-1) α µ (mm) γ β Φ 
A 1.600 1.188 2.600 0.667 4.439 0.531 
B 3.567 1.514 50.000 0.847 6.662 0.666 
C 7.121 1.685 50.000 0.891 5.488 0.600 
The perfect mixing model was used by  Mazzinghy and Russo (2014) to model a Vertimill with fine 
feed (F80 = 66.6 µm) and using cylpebs grinding media with a top size of 12.7 mm. The breakage 
function for the test work is characterised by the Rosin-Rammler breakage function model (King, 
2001) and defined as follows:  
𝐁𝐢,𝐣  = (𝟏 − 𝐭𝟏𝟎)
(
𝟗
[(
𝐗𝐣
𝐗𝐢
)−𝟏]
)𝛄
         2.38 
where 
𝐵𝑖,𝑗 : cumulative breakage or appearance function 
γ,t10 : model parameters characteristics of the ore 
The breakage function and the model simulation using perfect mixing model are shown in Figure 
2.26. 
    
Figure 2.26 – (a) Breakage function; (b) Model simulation  for the pilot Vertimill using perfect mixing model 
(Mazzinghy and Russo, 2014) 
Different forms of the population balance model were successfully utilized to simulate the product 
size distribution for a pilot Vertimill. However, the perfect mixing model used finer feed (<100 µm) 
a b 
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that indicates a discharge (di) model for the Vertimill is required before using it for the coarser feed. 
The model would be more realistic if the model parameters were developed in a laboratory 
Vertimill instead of a batch tube mill. The authors mentioned that the breakage by attrition, abrasion 
or chipping does not occur preferentially in the Vertimill (Mazzinghy et al., 2015a). Conversely, 
Morrell et al. (1993) mentioned that attrition is the primary mode of breakage in the Tower Mill. 
More studies are required to determine the breakage mode in the Vertimill to justify the author’s 
claims. Besides, the energy efficiency factor of 1.35 needs more test work to be confirmed to be 
used for an industrial scale Vertimill over a wide range of application. In addition to that, the 
specific selection function in Figure 2.23 (b) does not show any drop in value even for 4 mm 
particles size that indicates a Vertimill can efficiently break particles of those sizes. This 
information requires further research as Vertimill works efficiently mostly in the tertiary or regrind 
stage in mineral processing circuit. However, this information provides a support to the selection of 
Vertimill to coarser grinding duties including secondary milling as mentioned by Palaniandy et al. 
(2015). 
2.5 Fine size ore characterization 
Ore characterization is an important aspect of stirred mill modelling; however, a proven 
methodology to characterize ore providing a similar breakage environment as in the stirred mill has 
yet to be devised. Several tests are available to characterize the ore for the sizing a grinding mill 
such as Bond ball mill grindability, Bond rod mill grindability, Bond low-energy impact test, SAG 
Power Index (SPI) test, JKTech drop-weight test, SAG Mill Comminution (SMC) test and 
Macpherson Autogenous Grindability test. These tests are specifically designed for coarse particle 
grinding, and there is no standard test available for the fine particle size. Ore characterization test 
for fine sizes aims to measure energy for grinding particles to a certain size, determining the 
population balance parameters such as breakage function and selection function and the impact of 
fine particles on energy consumption. Shi and Kojovic (2007) mentioned that modelling the 
breakage distribution function is more complex than the selection function as a matrix has to be 
determined for the breakage function. Some tests related to the fine particle characterization are 
described in the following sections. 
2.5.1 Levin Test 
The Levin test (Levin, 1989) requires a reference material from an operating plant to determine the 
equivalent energy per revolution for grinding. The feed sample from that plant will be ground to the 
product size equivalent to the plant product size. The calculated energy will be equivalent to the 
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measured specific energy consumption of the plant mill. The result will be applied to grind an 
unknown material to a certain size and the specific energy required can be determined. Due to the 
difficulty of getting suitable reference materials, the equivalent energy per revolution of the Bond 
test mill (B) can be used. The B needs be calculated using the Bond Standard Work Index (Wi) 
formula and expressed as follows: 
B =  
𝟒.𝟗 𝑿 𝟏𝟎−𝟑𝑿𝑮𝟎.𝟏𝟖
𝑷𝒊
𝟎.𝟐𝟑(𝟏𝟎𝟎−𝑼)
  kWh         (2.39) 
where 
G : net mass (in grams) of the undersize materials produced per revaluation of the Bond    
   grindability test 
U : percentage undersize in the -3360 µm feed 
Pi : aperture of the limiting screen.  
Levin (1989) used 272 grindability tests to calculate a constant value for the test work by 
considering the fact that the energy consumption per revolution of the Bond mill is constant. 
However, B value showed a range from 138 × 10-7 to 491 × 10-7 and the author decided an average 
value B equivalent to 198 kWh/rev ×10-7 for the Levin test.  
Hence, the energy required to grind to X % of -75 µm by open circuit grinding can be calculate 
using the below formula: 
E =  
𝟏𝟗𝟖 𝑿 𝟏𝟎−𝟕∗𝑵∗ 𝟏𝟎−𝟔
𝒎
  kWh         (2.40) 
where 
N : X percent minus -75 µm produced per mill revaluation 
M : grams of desired product obtained in N revaluations.  
The result can be used for the open-circuit wet grinding mill with 8ft diameter, and correction 
factors need to be applied for other conditions as for the Bond test.  
The test method has the potential for sizing the gravity induced stirred mill but needs to be verified 
for other closing sizes such as -53 µm or -38 µm. In addition, different correction factors need to be 
established to use the test result for the gravity induced stirred mill operation. However, this 
procedure cannot be used to measure the parameters of the population balance model.  
Chapter  2  
50 
 
2.5.2 Bed Breakage Test  
Drop weight tests are widely used to investigate the breakage characteristics of materials and to 
determine the breakage distribution or appearance function. Single particle or bed breakage method 
can be used for that purpose, and the fineness of the breakage product can be formulated as follows:  
tn = (A * (1-e-b * Ecs))          (2.41) 
where 
 Ecs   : specific comminution energy applied to any specific size range 
(A x b)  : breakage parameters 
n  : 2, 4, 10, 25, 50 or 75 
The particle size distribution data obtained from bed breakage method is used to determine t2, t4, 
t10,t25, t50 or  t75 that is the percent passing  ½, ¼, 
1/10, 
1/25, 
1/50 or 
1/75 of the original mean particle 
size. This data is used to measure the A and b value for each tn value, and breakage distribution 
function of different size fraction is developed through using Equation 2.41. Hence, a size 
dependent breakage matrix can be created.  
Eksi et al. (2011) followed the method mentioned above and generated breakage distribution 
function curves for the size below 3.35 mm to different size fractions as shown in Figure 2.27(a). 
The authors used the calculated breakage distribution function in perfect mixing model and plot r/d* 
value over different particle size as shown in Figure 2.27 (b).  
  
Figure 2.27 – (a) Breakage distribution function of different size fractions; (b) r/d* value from bed breakage test 
and single particle impact test method by using perfect mixing model (Eksi et al., 2011) 
The method is useful for determining the breakage function in the fine particle range and has the 
potential to be applied to gravity induced stirred mill modelling. However, impact is the only mode 
of breakage for this test whereas attrition is the dominant breakage mode for the gravity induced 
mill.    
a b 
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2.5.3 Hardgrove Grindability Index (HGI) Test 
Hardgrove Grindability Index test carried out in a Hardgrove Mill as shown in Figure 2.28. The test 
indicates the difficulty to grind a specific coal to the required particle size. The HGI test mimics a 
operation of the “ball and race” type coal pulverizer manufactured by Babcock. The test requires 
50- gram sample with a size range of -1.18 + 0.6 mm. The loading on the top grinding ring is 290 
N, the grinding is conducted for 60 revolutions at the speed of 20 revs/min. 
 
Figure 2.28 – Hardgrove index (HGI) mill  
The Hardgrove index of a particle is measured by using formula mentioned by Mucsi (2008) as per 
ASTM standard. 
oH = 13+6.93mH          (2.42) 
where 
mH : weight of the ground product passing 75 µm.  
High HGI indicates low resistance to break and vice versa, and for coal, the HGI value ranges from 
30 to100.  
Zuo et al. (2012) added a torque meter to the HGI mill to calculate the specific comminution energy 
Ecs and used Shi-Kjovic model (Shi and Kojovic, 2007) to calculate fineness index (t10) of the coal. 
The Shi-Kjovic model was formulated as:  
t10 = M (1-exp(fmat . x . k . (Ecs - Emin)))       (2.43) 
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where 
t10 : fineness index defined as the progeny percent passing 
1/10 of the initial mean particle size 
M : maximum t10 for a materials subject to breakage (%) 
fmat : material property (kg/Jm) 
x : initial particle size (m) 
k : successive number of impacts with a single impact energy 
Ecs : mass specific comminution energy (J/kg) 
Emin : threshold energy (J/kg). 
Zuo et al. (2012) modified the above equation based on the HGI mill torque data and formulated as 
below, 
t10 = M (1-exp(fmat . x . k . (2(T-Tfrc)π/w - Emin)))      (2.44) 
where 
T : average driving torque in the torque meter (Nm) 
Tfrc : torque used to overcome the friction in the driving spindle (Nm) 
w : mass of the sample (kg) 
k : revolution of the mill.  
The JKMRC has introduced the JKFBC (JK Fine- particle Breakage Characteriser), that is the 
modified form of HGI mill (Shi and Xie, 2015). The JKFBC holds good potential for the ore 
characterization related to gravity induced stirred mill operation as it has already been used to 
develop the breakage function for the ball mill. If it is possible to determine the t10 for different ore 
at the fine particle sizes below 75 µm, then it is possible to generate the breakage distribution 
function for the gravity induced stirred mill . However, as the procedure has only been utilized in 
the size range from 0.106 mm to 4.75 mm, it requires further development to use JKFBC mill for 
fine characterization purposes (below 75μm). 
2.6 Hydraulic Classification  
A gravity induced stirred mill has a slurry pool on top of the grinding zone that might behave as a 
classifier prior to discharging the slurry from the mill. The classifier operation has some similarity 
to a sorting column where fluids rise at a uniform rate and particles either sink or float as 
categorized by their terminal velocity (Wills and Napier-Munn, 2006). When a particles terminal 
velocity is greater than the upward velocity, then it sinks and vice versa as shown in Figure 2.29.     
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Figure 2.29 - Classifier sorting column (Wills and Napier-Munn, 2006) 
When a particle moves through a fluid, both form drag and viscous drag acts on the particle to resist 
its downward motion due to the gravity force. Form drag is the result of a pressure difference in 
front and just behind of the particle surface, and viscous drag is due to fluid viscosity that acts over 
the surface of the particle (King, 2001) as shown in Figure 2.30. Particle terminal velocity is mainly 
due to the gravity force on the particles whereas fluid velocity is caused due to the pressure 
difference of the fluid flow. In mineral processing systems as particles settle in slurry, hindered 
settling effects (Figure 2.31) prevail where the slurry is acting as a heavy liquid. In hindered 
settling, particles of mixed sizes, shapes, and specific gravities, in a crowded mass, are sorted in a 
rising current of water (Tripathy et al., 2015). 
 
Figure 2.30 - Origin of Form and viscous drag over a particle (King, 2001)   
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Figure 2.31 -  (a)Free (b) and Hindered settling (Wills and Napier-Munn, 2006)  
Elutriation is also evident in hydraulic classifiers where a small particle lifts up by an upward 
flowing stream of water; the larger the upward velocity, the larger the particle that will be lifted. An 
Elutriator (Figure 2.32) consists of a sorting column where the fluid is rising at constant velocity 
and feed particles get separated in the sorting column based on their terminal velocity (Wills and 
Napier-Munn, 2006). Hydraulic classifiers utilize at least one, and sometimes both, of the 
mechanisms while classifying particles in the sorting column.        
 
Figure 2.32 - A simple elutriator  (Wills and Napier-Munn, 2006)  
Based on physical logic and observation, classification in the gravity induced stirred mill is affected 
by the mill feed rate and the solids concentration of the feed. Slurry flow velocity in the gravity 
induced stirred mill internal classifier is directly proportional to the mill feed rate whereas the 
hindered settling effect in the mill sorting column is mostly dependent on the solids concentration 
of the feed slurry. However, there is high turbulence in the internal classification zone of the mill; 
hence, an empirical model to measure the classification effect in the gravity induced stirred mill is 
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required. This can be developed by conducting the experiments in an experimental device that 
mimics the internal classification effect of the gravity induced mill.    
2.7  Summary of the Chapter 
The research conducted in the last 30 years shows a better understanding of many complex 
interactions of stirred mill operation. Mechanistic, empirical and population balance modelling 
approach for modelling stirred mill is shown in this chapter where it is found that population 
balance techniques are the most suitable for modelling stirred mills. Generating breakage, selection 
and classification functions of the population balance model require a different methodology to 
replicate the mill breakage process as close as possible. 
Solids concentration and grinding media size are the most important parameters for the stirred mill 
operation as shown by different researchers. In addition to that, mill loading is another significant 
parameter for vertical stirred mill operation. There is only a single attempt shown by Jankovic 
(2001) to mechanistically model Vertical Stirred Mill operation. However, that technique needs 
further investigation to be applied to industrial mills. Empirical models developed by various 
researchers lack robustness and most of them are site/ore specific. The time-based (Austin et al., 
1984) and specific energy based population balance model (Herbst  and Fuerstenau, 1980) are 
readily used for the gravity induced stirred mill operation, and different authors have used them for 
parameterizing mill performance data. However, the perfect mixing model might only be applicable 
for very fine particles otherwise a separate discharge model needs to be developed. Mazzinghy et al. 
(2012, 2014, and 2015) are the first researchers who have concentrated their research entirely on the 
Vertimill and successfully predicted PSD for a pilot Vertimill using the different form of population 
balance model. They developed the model parameters from a tube mill and used scale-up factor 
before simulating to the pilot scale mill. However, there is no model developed for the gravity 
induced stirred mill that can handle mill breakage and internal classification separately. Particle 
classification as a result of up-current slurry flow inside the mill is expected due to the orientation 
of the mill. Hence, internal classification needs to be assessed and include in the process model to 
optimize the process as a whole. There is no data available about how the particle breaks below 
500μm particle sizes. Generating breakage or appearance function is not possible through the Levin 
test. Bed breakage and JKFBC tests have potential application in the field of fine ore 
characterization.  
Therefore, there is a clear need to develop a model structure specifically targeting the gravity 
induced stirred mill operation and that can assess both particle breakage and classification 
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separately. Moreover, the model should have the capability to respond to changes in process 
conditions and to enable optimization of process conditions.  
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    Model Development and Structure 
This chapter introduces the population balance model structure specifically developed for the 
gravity induced stirred mill operation, and provides a detailed explanation of the approaches 
adopted to model fundamental mechanisms present in the mill. The main model features are also 
discussed in this chapter.          
3.1 Introduction 
The importance of modelling gravity induced mill grinding and classification zone was mentioned 
in Section 1.2. However, only a few papers in the literature (Ntsele and Allen, 2012; Mazzinghy et 
al., 2012) mention the existence of the classification zone above the grinding zone as shown in 
Figure 3.1. All the stirred mill mathematical models shown in Table 2.5, focuses on breakage model 
without considering the classification. None of the previous model attempt to develop combined 
model structure of grinding and classification inside the gravity induced mill. Based on these 
phenomena, it is required to model both the grinding and classification zones for accurate 
predictions of mill discharge. The time-based population balance model proposed by Austin et al. 
(1984) was adopted to represent the breakage in the mill. The mill internal classification model was 
developed by following Whiten’s expression (ipud Napier-Munn et al., 1996). At the end, the 
breakage and classification was combined and expressed in a single model structure by following  
Herbst and Fuerstenau’s (1980) methodology.  
 
Figure 3.1- A gravity induced stirred mill model structure (After Pascoe, 2009) 
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As discussed in Chapter 2, the population balance method was chosen to describe the process in the 
gravity induced stirred mill as it has the capability to describe the entire particle size distribution for 
a grinding device. Moreover, Morrell et al. (1993) and Mazzinghy et all. (2012, 2014, 2015) have 
successfully applied population balance model to predict product size distributions of the Tower 
Mill and Vertimill respectively. 
The population balance model was implemented in Microsoft Excel platform to predict size 
distributions both for the breakage and classification product for a given condition. The major 
features of the model are: 
 It can be utilised for industrial, pilot and batch scale mills 
 It can handle feed and product size distributions of up to 15 classes 
 It can determine the product size distribution of the grinding zone and internal 
classification zone independently 
 It can respond to the effects of mill operating variables such as specific energy, 
slurry density, media size and stirrer tip speed 
 It can accommodate either ore specific or simulated breakage function 
 It calculates the particles superficial residence time-based on the mill power 
3.2 Breakage Model Structure 
The model structure for particle brekage follows the solution of the time-based population balance 
model proposed by Austin et al. (1984) which can be represented by the following equation: 
𝐩𝐢 = ∑ 𝐝𝐢𝐣 
𝐢
𝐣=𝟏 (𝛕)𝐟𝐢 ,  n ≥ 𝐢 ≥ 𝐣 ≥ 𝟏      (3.1)  
where 
pi  : product size of class i 
dij (τ)  : mill transfer function that indicates the fraction of feed size j transferred to size    
   class i via repeated steps of the breakage process over time τ. 
fi  : feed size of class i 
The solution for the transfer function dij (τ) function can be shown by the following equation: 
𝐝𝐢𝐣 (𝛕) = T [
𝟏
(𝐒𝐢𝛕+𝟏)
] T-1         (3.2) 
For the Equations 3.1 and 3.2, the sub-equations below are applied. 
 
Chapter  3  
59 
 
T (i,j)  = 0    i< 𝑗      
T (i,j)   = Sj    i = j      
T (i,j)  = 
1
𝑆𝑖−𝑆𝑗
∑ 𝑏𝑖𝑘𝑆𝑘𝑇(𝑘, 𝑗)
𝑖−1
𝑘=1  i> 𝑗 
T-1 (i,j) = 0    i< 𝑗      
T -1(i,j) = S-1j    i = j      
T -1(i,j) = 
−∑ 𝑇(𝑖,𝑘) 𝑇−1 (𝑘,𝑗)𝑖−𝑘=1
𝑆𝑖
 i> 𝑗  
where 
bij  : breakage function that denotes the size distribution or progeny of a particle after a single 
   breakage event 
Si  : selection function or specific rate of breakage in size class i (min 
-1) 
τ  : superficial or average residence time of the particles inside the mill (min) 
Si is also referred as the rate of disappearance of a particle of size class i and its value depends on 
the breakage function used in the population balance model. Superficial residence time, τ for the 
population balance model is calculated by dividing available volume for the slurry by the 
volumetric slurry flow rate. Available volume for the slurry is calculated by calculating the grinding 
media volume and then multiplying by the charge porosity. The residence time is directly dependent 
on the materials flow rate to the mill.  
τ  =  
𝐯
𝐕
            (3.3) 
where  
v  : volumetric flow rate of the slurry (m3/hr) 
V : available volume for slurry flow in the grinding zone (m3) 
Available volume for slurry flow (V) in the grinding zone can be calculated as follows: 
V = ( 
𝐦𝐠
𝛒𝐠
)* (
𝟏
𝟏−𝛆
)* 𝛆          (3.4) 
where 
mg : mass of grinding media (kg) 
ρg  : density of the grinding media (kg/m3) 
ε  : grinding media porosity 
Volumetric flow rate (v) of the slurry can be calculated as follows: 
v = Volumetric flow rates of the solids + Volumetric flowrate of the water 
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v = (
𝐌∗𝐂𝐋
𝐒𝐆
) + (
𝐌∗𝐂𝐋∗𝟏𝟎𝟎
%𝐒𝐨𝐥𝐢𝐝𝐬 (
𝐰
𝐰
)
−𝐌 ∗ 𝐂𝐋 )        (3.5) 
where 
M : solids flow rate to the mill circuit (t/hr) 
CL : circulating load (t/hr) 
SG : specific gravity of the solids 
Also, the solids hold-up (H) in the mill can be calculated as follows: 
H = ( 
𝐦𝐠
𝛒𝐠
)* (
𝟏
𝟏−𝛆
)* ε * SG*1000* 
%𝐒𝐨𝐥𝐢𝐝𝐬(
𝐰
𝐰)
𝐒𝐆
∗𝟏𝟎𝟎
%𝐒𝐨𝐥𝐢𝐝𝐬(
𝐰
𝐰)
𝐒𝐆
+(𝟏𝟎𝟎−%𝐒𝐨𝐥𝐢𝐝𝐬(
𝐰
𝐰
))
     (3.6) 
The model initially takes its feed size distribution in the form of cumulative percent passing and 
calculates the mill contents at each size fraction from the mill feed rate data. Product size 
distribution for the given feed is calculated using Equations 3.1 and 3.2. The predicted product size 
is compared with actual mill product size data to estimate the selection and breakage function 
parameters.  
3.3    Selection Function 
The selection function was formulated based on the Austin et al. (1984) approach for simulating 
ball mill operation. It has a unit of min-1 and shows materials selectivity for breakage in relation to 
its size. It can also be considered as the rate at which particles are reduced through breakage. Austin 
et al. (1984) specify that the selection function varies with mill type, its operating conditions and 
ore characteristics. The selection function used in the model is in the form as follows: 
𝐒𝐢 = 𝐀 (
𝐱𝐢
𝟏𝟎𝟎𝟎
)𝛉 ∗ 
𝟏
𝟏+(
𝐱𝐢
𝛍
)
Ʌ   ,  Ʌ ≥ 𝟎       (3.7) 
where, A, θ, µ and Ʌ are model parameters. A has the unit of min-1 and varies with mill conditions. 
θ and Ʌ are dimensionless, and their value depends on the material properties. xi is the particle size 
in µm and μ is particle size expressed in µm at which dSi/dx is zero. 
The general shape of the selection function is shown in Figure 3.2 which depicts the particle 
selectivity for the breakage reaching a maximum value at a certain particle size, i.e., xm. This 
implies that the particles coarser than xm are not broken efficiently in the mill. Therefore, xm can be 
a useful indicator to prepare the feed for the mill; hence the mill efficiency can be improved. Self-
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breakage of the fine particles was assumed not to take place in the stirred mill, and hence self-
breakage provision was not included in the selection function. The selection function parameters in 
Equation 3.7 are related to operating data as follows: 
A = f (mill conditions, e.g., media size, solid concentration, mill speed, mill filling) 
θ= f (ore hardness, mineralogy, specific gravity, etc.) 
μ= f (mill media size and mill speed) 
 
Figure 3.2 - Typical shape of the selection function (after Austin et al., 1984) 
Breakage rate or selection function is also referred to as how fast or slow particle breakage is 
happening in a mill and it can either be calculated from laboratory experiment or back calculated 
from size distribution data. Leung (1987) has mentioned that selection or breakage rate function 
depends on the breakage or appearance function used to develop it.  
There are several definitions of selection functions as proposed by different researcher i.e.  
 Morrell (1989) referred to breakage rate or selection function as particle breakage events 
occurring per unit of time    
 Bueno (2013) referred to breakage rate or selection function as mass transfer rate (1/h) from 
coarse to fine size fractions.  
The selection function was calculated in the stirred mill population balance model by fitting its 
parameters as shown in Equation 3.7.   
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3.4   Breakage Function 
Morrell et al. (1993) defined the breakage function as the mean size distribution formed by 
summing the daughter fragments arising from a range of breakage events. The breakage function 
for gravity induced mill can be calculated either by data fitting or from laboratory test work. In the 
former case, the breakage function data fitting has been accomplished by using Austin et al. (1984) 
model. For the later one, methodology developed by Palaniandy (2014) was used to generate the ore 
specific brekage funtion of the experimental test ores and used in the model. For any fine grinind 
operation, this is the first time where ore specific brekage function has been utilized to develop 
model for the gravity induced stirred mill.     
An empirical function proposed by Austin et al. (1984) is used to provide a simulated breakage 
function in the model. The breakage function in cumulative form (Bi,j) is shown as follows: 
Bi,j = Φj (
𝐱𝐢−𝟏
𝐱𝐣
)
𝛄
+ (1-Φj) (
𝐱𝐢−𝟏
𝐱𝐣
)
𝛃
,  0 ≤ Φj ≤1      (3.8) 
Where, Φ, γ and β are the materials characteristics defined in Figure 3.3. Mazzinghy et al. (2014) 
and Mazzinghy et al. (2012) also used the Austin breakage function model when simulating product 
size distribution of iron and copper ore for a Vertimill operation.   
 
Figure 3.3 - Cumulative breakage function (Bi,j)  with parameters (after Austin et al., 1984) 
To develop the ore specific breakage function, Palaniandy (2014) utilized the Shi and Kojovic 
(2007) methodology by using the JK Fine Breakage Characterizer mill (JKFBC), where for each ore 
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sample, six narrow size fractions from 1180μm to 53μm were used to develop an ore-specific fine 
particle breakage function. A size specific breakage model in the form described by Shi and 
Kojovic (2007) was used to describe JKFBC data. The model was formulated in the form below: 
t10 = M {1-exp[-fmat.x.E]}         (3.9) 
where 
M : maximum t10 material subject to breakage 
𝑓𝑚𝑎𝑡 : model parameter (kgJ
-1m-1) described with size dependent equation with parameters p and 
q 
x : initial Particle size (m) 
E  : mass specific energy (JKg-1) 
 
tn map has to be either developed off the breakage data, or the standard JK tn map used. Once the tn 
map is available, it can be used to calculate tn values form the t10 value, and thus produce a full size 
distribution. Shi and Xie (2015) used a similar approach while simulating a batch ball mill product 
size to fit t10 value using the above model. The test work was conducted using the JKFBC with 
narrow particle size ranged from 4 mm to 1.18 mm as shown in Figure 3.4. 
 
Figure 3.4 - Fitting of the size specific breakage model for the ball mill simulation (Shi and Xie, 2015) 
3.5  Estimating Particle Residence Time and Mill Solids Hold-up 
Slurry average residence time and mill hold up of the gravity induced stirred mill can be calculated 
if the amount of grinding media inside the mill is known. Equation 3.3 to 3.6 shows the equations 
for calculating particle residence time and solids hold-up in the gravity induced stirred mill. To 
calculate residence time, volumetric flow rate of the slurry (m3/hr) and available volume for slurry 
flow in the grinding zone (m3) is required. The available volume for slurry flow is directly 
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connected to the mass of grinding media present in the grinding zone as shown in Equation 3.4. The 
mass of grinding media also important to calculate mill solids hold-up as shown in Equation 3.6.    
Metso Minerals has published data relating power draw and the mass of media in the mill as shown 
in Table 3.1 (Metso-Minerals, 2013). The gravity induced stirred mill power is mostly governed by 
the torque generated by the moving screw to agitate the grinding media, hence this forms a 
consistent and reliable relationship that can be used for modelling purposes.  
Table 3.1 - Active grinding zone volume for gravity induced stirred mills (After Metso-Minerals, 2013) 
Mill Type 
Installed Power Media Fill 
Active Grinding 
Zone Volume; i.e. 
( 
𝐦𝐠
𝛒𝐠
)* (
𝟏
𝟏−𝛆
)  
HP kW Kg m3 
VTM 15 15 11.19 3409 0.73 
VTM 20 20 14.91 4545 0.97 
VTM 40 40 29.83 7260 1.55 
VTM 60 60 44.74 7260 1.55 
VTM 75 75 55.93 9797 2.09 
VTM 125 125 93.21 18144 3.88 
VTM 150 150 111.85 18144 3.88 
VTM 200 200 149.14 18144 3.88 
VTM 250 250 186.42 29030 6.2 
VTM 300 300 223.71 29030 6.2 
VTM 400 400 298.28 34930 7.46 
VTM 500 500 372.85 44450 9.5 
VTM 650 650 484.70 58970 12.6 
VTM 800 800 596.56 78018 16.67 
VTM 1000 1000 745.70 86180 18.41 
VTM 1500 1500 1118.55 127005 27.14 
VTM 3000 3000 2237.10 277599 59.32 
The gravity induced stirred mill is assembled with a rising bed classifier placed on the top of 
grinding zone. After prolonged operation, a dead zone develops at the bottom of the mill occupying 
the bottom edges of the mill. The dead zone contains a mixture of slurry and grinding media which 
forms in that part of the mill where the slurry agitation is limited. Figure 3.5  shows the dead zone 
in a pilot scale Vertimill with grinding zone and internal classifier zone. Grinding zone, 
classification zone and dead zone volume do not remain constant in the mill, so mill power 
consumption also gets affected by the dynamic changes within these zones. Hence, power 
consumption data is the best way to determine the particle residence time of the gravity induced 
stirred mill.   
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Figure 3.5 - Illustration of a gravity induced stirred  mill (Vertimill) dead zone, active grinding zone and internal 
classification zone 
Mill content is estimated through its active grinding media volume. Particles fill in the voids 
between the grinding media that have been found to be approximately 40% of the total volume 
occupied by the grinding media (Gupta and Yan, 2006). Therefore, the actual grinding media 
volume is approximately 60% of the total volume occupied by the grinding media or active grinding 
zone volume. Hence, to measure active grinding zone volume, it is necessary to identify the weight 
of active grinding media. Once the weight is determined, it can then be converted into volume 
through a known grinding media density, assuming a density of 7800 kg/ m3 for steel grinding 
media. 
The relationship between the weight of the grinding media, the active grinding zone volume and the 
Vertimill power is shown in Figure 3.6. The relationship as shown in the figure was validated by 
survey data collected from a mine site (Palaniandy, 2014) where the entire mill grinding media was 
weighed after a crash stop. The survey data showed good agreement with the developed model. 
Dead Zone 
Internal Classification 
Zone 
Active Grinding Zone 
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Both the grinding media and active grinding zone volume can be used to calculate average 
residence time (τ) and mill hold up (H) by using Equations 3.3 and 3.6.   
  
Figure 3.6 - Vertimill grinding media content and grinding zone volume at different power inputs (After Metso-
Minerals, 2013) 
3.6    Classification Sub-model Structure 
A classification matrix was incorporated into the population model structure to include the 
behaviour of the mill internal classifier. The classification matrix was modelled through Whiten’s 
expression (ipud Napier-Munn et al., 1996) where the classifier corrected cut size (d50C), sharpness 
of the cut (α) and water bypass (Cbypass) data are parameters. The matrix is then inserted into the 
model framework defined by Herbst and Fuerstenau (1980) as shown in Figure 3.7. In the model 
structure, mill fresh feed is associated with recycle coarse size from the internal classifier and 
formed a new feed (fi,GZ) for the grinding zone. The product from the grinding zone (pi,GZ) is fed to 
the classification zone, and classification product is considered as final mill product.  
 
 
 
Figure 3.7 –  A gravity induced stirred mill  model structure considering breakage and classification separately 
(after Herbst  and Fuerstenau, 1980)  
The product size model is shown in Equation 3.10 considering both breakage and classification as 
given by Herbst and Fuerstenau (1980). This model structure enables the estimation of the 
intermediate particle size distribution i.e. the particle size distribution of grinding zone product.  
pi = [I-C] T[
𝟏
(𝐒𝐢𝛕𝐢+𝟏+𝟏)
]T-1 [I-CT[
𝟏
(𝐒𝐢𝛕𝐢+𝟏+𝟏)
]T-1]-1 fi       (3.10) 
 
Grinding Zone 
T [
1
(Siτi+1)
] T-1 
Classification Zone  
C 
fi 
fi,GZ pi,GZ 
p
i
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where 
C : classification matrix (i.e. Classifier efficiency to overflow, Eoa value)   
I  : identity matrix 
The classification matrix (C) is calculated in the model by following below formula,  
C = Cbypass .   
𝐞𝐱𝐩(𝛂)−𝟏
𝐞𝐱𝐩(𝛂𝐱𝐢)+𝐞𝐱𝐩(𝛂)−𝟐
        (3.11)  
where  
xi  : reduced size (di/d50c)  
d50C : Corrected cut size of the internal classifier 
α  : sharpness of the cut of the internal classifier 
di  : size of interest 
C bypass : (1 – Water bypass value), indicates fraction of particles actually goes through gravity  
   induced mill internal classification process. 
3.7   Model Input, Fitting and Output  
The model has a provision to model the gravity induced stirred mill size reduction process as in 
existing population balance models with only breakage being considered, or as two simultaneous 
operations of breakage in the grinding zone and classification in the internal classification zone. In 
the former case, only the breakage parameters (in most of the cases only A and ϴ) are required for 
model simulation. Mill diameter, internal classifier corrected cut size (d50C), water bypass value 
(Cbypass) and sharpness index (α) are also required when the internal classification is considered in 
model fitting and simulation. For a continuous gravity induced stirred mill operation, the model 
requires cumulative percent size distribution for circuit feed, circuit product, mill feed and mill 
product, circuit solids feed rate, power input and solids concentration of slurry feed to the mill. The 
model then calculates the active grinding zone volume, mill solid feed rate, mill water feed rate, 
mill slurry feed rate, weight of the ore in the grinding zone and superficial or average particle 
residence time to be used for calculating product size. For batch operation, the mill solids weight, 
power input and running time as well as feed and product size distribution are necessary for fitting 
and simulation. Also, the specific gravity value of the ore is a required input.  Figure 3.8 shows the 
user interface where ore properties, size distribution of the different stream, solid feed rate, power 
input and solids concentration data are entered and remaining values are calculated based on the 
input data to be used for calculating product size distribution. Figure 3.9 shows the model 
calculation interface where model fitting is carried out through data fitting.   
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The model fitting is accomplished by estimating parameters for selection function (A, θ, μ, Ʌ) and 
breakage function (Φ, ϒ, β) in case when both selection function and breakage are fitted . However, 
when test work based breakage function is used in the model, then only the selection function 
parameters is required to be fitted. Moreover, the top size for most of the gravity induced stirred 
mill are below 1 mm, hence estimating A and θ are normally sufficient to describe the selection 
function. The internal classifier corrected cut size (d50C), the sharpness of the cut (α) and the water 
bypass (Cbypass) is predicted through empirical models developed from test work. The fitted 
parameters are obtained by minimising the sum of square error between the measured and predicted 
product size distribution as shown in Equation 3.12. 
 
Model Error = Σ(Actual product size distribution – Predicted product size distribution)2  (3.12) 
 
Figure 3.8 - Screenshot of the user interface of the model  
Continuous
Batch
Circuit Feed Circuit Product Mill Feed Mill Product
1 200 100.00 100.00 100.000 100.000
150 99.24 99.99 99.350 99.600
Model VTM 800 106 96.28 99.98 97.520 98.760
Yes Power Input (kW) 565 90 93.76 99.97 96.030 98.110
No % Solids (wt/wt) 70.18 75 90.96 99.95 94.160 97.170
1 Classification Yes 63 87.66 99.91 91.700 95.800
Slurry Temperature (˚C) 20.00 53 85.00 99.88 89.300 94.280
Mill Diameter 3.68 45 81.97 99.78 86.170 92.120
Circulating Load (%) 306.56 38 80.73 99.75 84.870 91.220
Active Grinding Zone Volume (m3) 14.75 19 70.72 98.34 68.280 77.490
Solid Feed Rate (t/hr) 84.95 13 63.63 95.07 50.870 61.350
Liquid flow (t/h) 36.09 10 53.85 84.76 27.330 37.340
Slurry Feed Rate (m3/hr) 53.08 7 43.25 67.56 15.22 23.330
% Solids(vol/vol) 32.00 5 35.84 54.24 11.91 18.050
Available Volume for Slurry (m3) 5.90 3
Effective Volume of ore (m3) 1.89 P80 36.17 8.79 31.25 21.29
Weight of ore in the grinding zone (ton) 9.44 Solid Feed rate (t/h) 27.71 27.71 84.95 84.95
Average Residence time (min) 6.67 9 12 9 9
Specific Energy (kWh/t) 6.65 kg 38.00 9.60 38.00 38.00
18.50 6.80 18.50 18.50
80.73 84.76 84.87 91.22
Ore Specific Gravity 5 70.72 67.56 68.28 77.49
Slurry Density (kg/ m3) 2280.2 36.17 8.79 31.25 21.29
13449.92703
Mill Content (kg) 7.2
Running time (min) 2 12 12 12 12
Mill Power (kW) 1.88 53.85 84.76 27.33 37.34
Specific Energy 8.69 43.25 67.56 15.22 23.33
9.60 9.60 9.60 9.60
6.80 6.80 6.80 6.80
50.79 79.80 23.84 33.30
Process Type (Drop Down)
Input Data
Batch Process
Size (µm)
Continuous
Mill Conditions
Continuous Process
Cumulative Passing (%)
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Figure 3.9 - Screenshot of model calculation interface  
The model parameterization was carried out using the Excel Solver program. However, this 
program resulted in multiple combinations of parameter values with a similar objective function as 
shown in Figure 3.10. This will affect the ability of the Excel Solver algorithm to determine an 
appropriate solution for model parameterization. Hence, an error map is required to estimate the 
best and consistent solution while using Excel Solver. The map is constructed by using all the 
possible combinations of fitting parameter values and returns a single error value for each 
combination. Based on the error map, the combination of model parameter values that results 
minimal error was chosen. This exercise has enable the parameterisation of the model parameter to 
a restricted values and avoid multiple solution.  
 
SI No
Size
(i)
Selection Function 
(Sij)
Feed weight
(wi) 
Original Product 
Weight
Breakge Product Classifier Product SSQ
1 200 0.691 0.00 0.00 0.00 0.00 0.000
2 150 0.466 0.06 0.04 0.01 0.01 0.073
3 106 0.289 0.17 0.08 0.06 0.05 0.297
4 90 0.230 0.14 0.06 0.07 0.06 0.294
5 75 0.178 0.18 0.09 0.10 0.09 0.324
6 63 0.140 0.23 0.13 0.15 0.13 0.356
7 53 0.110 0.23 0.14 0.16 0.15 0.324
8 45 0.087 0.30 0.20 0.22 0.20 0.366
9 38 0.069 0.12 0.08 0.18 0.18 0.138
10 19 0.025 1.57 1.30 1.40 1.33 0.507
11 13 0.015 1.64 1.52 1.60 1.57 1.413
12 10 0.010 2.22 2.27 2.19 2.16 0.007
13 7 0.006 1.14 1.32 1.19 1.20 1.406
14 5 0.004 0.31 0.50 0.54 0.63 0.046
15 3 0.002 #N/A #N/A #N/A
8.31 7.74 7.90 7.76 5.549
µm 31.25 21.29 24.07 22.06
14 1
τ or t
0 0 6.67
A ϴ μ ^ Φ ϒ β
6.67 1.40 1000.00 2.51 0.30 36.81 0.33
αC C d50C
8.49155513 0.35 147.7686682
Cut off SSE
15
A α μ ^ Φ ϒ SSE Logic 1 α μ ^ Φ ϒ SSE
0.5 0.5 50 2.513 0.1 0.1 117.5816266 0.75 500 2.513 0.48 0.35 8.130177
0.5 0.5 60 2.513 0.1 0.35 109.1318771 0.75 630 2.513 0.575 1.1 12.26541
P80
Simulate
Specific Energy Value
Sum 
Breakge Function (bij) Type (Drop Down)
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Figure 3.10 - Existence of multiple solutions while fitting two selection function parameters (A and θ) 
Once the parameters are fitted, then the model can be used for simulation and prediction the mill 
discharge particle size distribution with changes in process conditions. The flow diagram for 
accomplishing the model fitting for a continuous gravity induced stirred mill is shown in Figure 
3.11. In the flow diagram, two different types of breakage function i.e. simulated and ore specific 
are shown where one of them can be used in the model. The choice and effect of these breakage 
functions will be discussed in Chapter 6. The model has the option of not utilizing classification 
sub-structure and considers gravity induced mill breakage process as a single operation. Hence, 
when classification is not considered in the model, Cbypass value is set to ‘0’ in the model that 
indicates that all the slurry bypasses the mill internal classifier and mill is working as a single 
grinding device. Conversely, internal classification can be considered in the model by setting 0 < 
Cbypass <1. The model predicted product size is then compared with the measured product size to 
estimate the breakage parameters of the mill. Models shown in Equation 3.2 and 3.11 are coded in 
Visual Basic with interfaces designed in such a way to make the simulation more user friendly. 
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Figure 3.11- Model structure and fitting algorithm 
3.8  Summary of the Chapter 
Breakage for the gravity induced stirred mill is modelled by following the methodology of Austin’s 
time based population balance model. The developed model can be used both for the batch and the 
continuous gravity induced stirred mill operation. A sub-model has been developed to calculate 
particle residence time for the continuous gravity induced stirred mill operation. Particle 
classification taking place internally in the mill has also been included in the model following 
Herbst  and Fuerstenau (1980) modelling approach. The model combines the particle breakage in 
the mill grinding zone with the particle settling rate within the mill internal classification zone. The 
model identifies the importance of conducting ore characterization test work for assessing the 
breakage function, grinding test work to determine particle selection function in different operating 
conditions and classification test work for determining the particle settling rate inside the mill. 
These tests significantly reduce the number of fitting parameters for the developed model. 
However, the model can also be fitted directly to survey data of a production unit once the ore 
characterization has been conducted. 
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    Methodology for Laboratory Test Work 
In order to investigate breakage and internal classification behaviour, two separate sets of 
laboratory test work were carried at the JKMRC Pilot Plant. The grinding test work was carried 
out in a 380 mm diameter and 280 mm height batch gravity induced stirred mill equipped with a 
torque transducer to measure the grinding energy. The classification test work was carried out 
using a custom made hydraulic classier that simulates the classification action in a production mill. 
A Box-Behnken experimental design was used to develop the test work program for the grinding 
and full factorial experimental design was used to develop a work program for the classification 
test. Cu-Au ore from a local Australian mine and limestone were used in the grinding test work 
while industrial grade silica was chosen for the classification test work. The classification test work 
was conducted in a semi-continuous experimental setup simulating similar classification effect in 
the industrial mill. Grinding test work was carried out by varying slurry % solids (w/w), grinding 
media size and mill stirrer tip speed, and classification test was carried by varying slurry % solids 
(w/w) and flow velocity. Particle sizing for the grinding and classification tests was carried out by 
using √2 series screens. Three repeat tests were carried out both for the grinding and classification 
test and good data reproducibility was obtained between the repeat tests.  
4.1     Introduction 
Two separate experiments were designed using two different experimental set-ups to understand 
breakage and classification behaviour of the gravity induced stirred mill operation. The breakage 
behaviour was assessed through a batch mill whereas the classification behaviour was assessed 
through semi-continuous flow experimental set-up that simulates the internal classification zone of 
the industrial mill.    
The objective of the grinding test work was to understand the particle breakage behavior upon a 
change in operating conditions and feed materials, plus to develop a process model to represent the 
particle breakage in the mill. The classification test aimed to evaluate particle classification in the 
classification zone at various flow velocity and solids concentration conditions. Both the test works 
generated useful data for the gravity induced stirred mill process model development.    
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4.2   Grinding Test Work 
The grinding test work was carried out at the JKMRC pilot plant by using a 3 hp batch gravity 
induced stirred mill.   
4.2.1 Laboratory Scale Gravity Induced Stirred Mill 
Figure 4.1 shows the pilot scale batch gravity induced stirred mill used in the experiments. The mill 
was installed with a three phase motor and belt pulley driving system. A steel pot (380 mm 
diameter) was used for grinding where cage lining at the mill shell was used to retain the media near 
the shell for wear protection. A two start steel screw (200 mm diameter and 200 mm height) was 
used as a stirrer. The mill shaft was attached to a non-contact rotating and reaction type torque 
transducer to measure the applied torque used to stir the media. The torque meter was connected to 
a computer to record real time torque and mill speed data. The torque transducer manufacturer has 
incorporated a custom made software for data logging.      
 
Figure 4.1- Laboratory-scale batch gravity induced stirred mill at JKMRC pilot plant 
The mill speed was varied from 0 rpm to 350 rpm through a potentiometer. The clearance between 
the screw and mill floor was maintained at 8 mm to reduce the probability of media to be locked in 
between the screw bottom and mill floor. The grinding pot was placed on a heavy rigid metal frame 
with an interlocking system to ensure that the grinding pot remains in place while running the mill. 
Base 
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The mill design has minimized vibration that could affect the torque reading. The upper part of the 
mill rotated up to 90˚ for the removal of the grinding pot.        
4.2.2 Grinding Media 
Three sizes (i.e.15 mm, 20 mm and 27 mm) of high chrome steel grinding media were used during 
the experiments. These size ranges were chosen as they are commonly used in the industrial scale 
gravity induced stirred mill. Figure 4.2  shows the grinding media used in the breakage test work. 
 
Figure 4.2 – High chrome grinding media used in the grinding test work 
The grinding media mass was 86.82 kg, set to cover 80% of the screw height. 80% screw filling 
level is common in industry to utilize the maximum motor power of the gravity induced mill.   
Table 4.1 shows the values used to obtain the media mass.  
Table 4.1 - Calculation of grinding media for the experiments 
Grinding Pot 
Filling 
(%) 
Screw 
Volume 
(m3) 
Effective 
volume 
to be 
filled 
(m3) 
Steel 
Media 
Density 
(kg/m3) 
Porosity 
(%) 
Steel 
Media 
Weight 
(kg) 
Diameter 
(mm) 
Effective 
Height 
(mm) 
Volume 
(m3) 
380 208 0.0236 80 0.0004 0.0186 7800 40 86.82 
The screw volume was measured through water displacement technique. This method was repeated 
three times to obtain an average screw volume. 
 4.2.3 Test Materials 
Limestone and Cu-Au ore were used in the experiments as test materials. These materials were 
chosen to evaluate the performance of the mill when grinding a relatively softer and harder ore 
respectively. These materials are typical of gravity induced stirred mill applications, namely  metal 
bearing ore ground in mineral processing plants and lime slaking processes in power plants.  
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Test materials characterization data is shown in Table 4.2 where limestone falls in the range of 
medium hard particles, and Cu-Au ore falls in the range of hard particles (JKTech, 2011). As the 
test materials specific gravity is close to the specific gravity of silica that was used for conducting 
classification test work, this enabled the combination of the breakage and the classification test 
work results developed from the laboratory test work.   
Table 4.2 - Characterization data for limestone and Cu-Au ore 
Material SG BWI (kWh/t) (*) 
Cu-Au Ore 2.75 19.5 
Limestone 2.70 10.6 
Both samples were screened at1.18mm to prepare the appropriate feed as most of the gravity 
induced stirred mills are engaged in tertiary or regrind duties where feed size is below 1mm (Allen, 
2013). Feed size distribution of limestone and Cu-Au ore is shown in Figure 4.3. The F80 for 
limestone and Cu-Au ore was found to be 558 µm and 431 µm respectively.  
 
Figure 4.3- Size distribution for grinding test work feed samples 
4.2.4 Experimental Design 
Three mill operating variables were chosen to be varied in this test work i.e. grinding media size, 
screw stirrer tip speed, and percent solids concentration. These variables were chosen as their effect 
on the gravity induced stirred mill operation are significant. Yue and Klein (2005) also utilized 
these three variables in their test work and concluded that effective stress inside mill is influenced 
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by them. The variables were set at three levels following the typical operational regime in the 
production mill.  The process operating variables ranges are shown in Table 4.3. 
Table 4.3 - Experimental parameters range or value 
Variable Value or Range 
Solid density (w/w) (%) 50 – 70  
Stirrer Tip Speed (m/s) 2.0– 3.0 
Media Size (mm) 15, 20 & 27 
Three levels – three factorial Box-Behnken experimental design was used to develop the series of 
experiments. The Box-Behnken design is a rotatable second order design based on three level 
incomplete factorial designs as shown in Figure 4.4. For three factors, the design can be constructed 
as three blocks of four experiments consisting of a full two-factor factorial design with a level of 
third- factor set as zero (Aslan and Cebeci, 2007). The experimental design enables a significant 
reduction of the number of test and generates sufficient data to develop a process model. Fifteen 
experiments were carried out including two repeat experiments for each ore type as per design 
shown in Figure 4.4 . Hence, in total thirty experiments were carried out to assess grinding 
behaviour in the laboratory scale gravity induces stirred mill.   
   
Figure 4.4 - Box-Behnken design derived from a cube and representation of the interlocking (Aslan and Cebeci, 
2007) 
4.2.5 Torque and Speed Calibration 
The torque transducer requires calibration in order to ensure the reliability of the measurement. In 
this case, a calibration exercise was carried out both for the torque and the rotational speed 
measurements. For calibrating the torque, a special arrangement was made by fixing the upper 
portion i.e. the portion on top of torque meter of the mill shaft and the lower portion was connected 
with a one meter straight metal bar in a perpendicular direction as shown in Figure 4.5. Incremental 
loads were applied, and the torque readings from the software were recorded. The actual torque was 
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calculated based on the applied load. This procedure was repeated three times at each load to obtain 
the average value. The torque calibration graph is shown in Figure 4.6. A calibrating factor of 
0.0806 was found between the measured and instrument data.  
  
Figure 4.5 - Batch gravity induced stirred mill torque calibration set-up 
 
Figure 4.6 - Torque calibration graph for the batch gravity induced stirrer mill 
For calibrating the stirrer shaft rotational speed, the torque meter speed output was compared with a 
tachometer reading and the calibrating factor for mill rpm came out as 0.784 as shown in Figure 4.7.    
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Figure 4.7 – Stirrer shaft rotational speed calibration graph for the batch gravity induced stirred mill 
Stirrer tip speed was calculated by using screw diameter and rotational speed value. The speed was 
maneuvered by using the rotational speed reading shown in the torque meter. However, the torque 
meter reading was required to be calibrated to set the accurate speed for the screw. The calibration 
was done by using a tachometer. Different tip speeds for the test work, the corresponding screw rpm 
and torque meter reading are shown in Table 4.4.  
Table 4.4 - Batch gravity induced stirred mill tip speed calculation 
Grinding Screw 
Diameter 
(mm)  
Stirrer Tip 
Speed  
(m/s) 
Actual Screw 
rotational speed 
(rpm) 
Rotational speed 
reading from 
Torque meter  
(rpm) 
200 
2.0 192 245 
2.5 239 305 
3.0 287 366 
  
4.2.6 Grinding Test Work Methodology 
The materials for the grinding test were prepared prior to the test work. Table 4.5 shows the mass of 
materials required for the grinding test that was calculated based on the respective specific gravity. 
The average porosity value (voids between the grinding media) was considered 40% for all the 
media size (Gupta and Yan, 2006). This value was included in the material mass calculation. A 
rotary splitter was used for preparing the materials in order to obtain uniform materials for all the 
test work.  
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Table 4.5 - Calculation of the materials weight for the individual test work 
Grinding Pot 
Filling 
Ratio  
(%) 
Grinding 
Screw 
Volume  
(m3) 
Effective 
volume  
(m3) 
Media 
Porosity 
(%) 
Slurry 
Dia 
(mm) 
Effective 
Height 
(mm) 
Volume  
(m3) 
% Solids 
(wt/wt) 
Solids 
SG 
Solids 
Weight 
(kg) 
Water 
Weight 
(kg) 
380 208 0.0236 80 0.0004 0.0186 40 
50 
2.75 
5.44 5.44 
60 7.20 4.80 
70 9.37 4.01 
50 
2.70 
5.42 5.42 
60 7.16 4.77 
70 9.29 3.98 
The flowchart shown in Figure 4.8 explains the overall methodology of the grinding test work. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 – Flowchart for the grinding test work 
Sample Preparation 
1. Screening the sample (Cu-Au ore and 
Limestone)  in a 1.18 mm screen 
2. Collect screen undersize 
3. Rotary split the sample 
Mill Preparation 
1. Set the grinding pot over the mill base 
2. Attach mill screw stirrer, torque meter 
and safety guard 
Test work 
1. Switch on the mill 
2. Add grinding media and water in the grinding pot 
3. Set the stirrer speed as per experimental design 
4. Add samples in the grinding pot to grind for two minutes  
5. Record the torque meter reading  
6. Switch-off the stirrer rotation after two minutes  
7. Remove the safety guard and mill stirrer 
8. Tip the charge over a 12 mm Gilson screen and wash the 
sample  from the grinding media 
9. Collect the sample in a bucket 
Particle Size Analysis 
1. Filter and dry the sample 
2. Preparing 150-200 g of sub- sample for sizing by using 
rotary splitter 
3. Wet screen in a 25μm screen 
4. Size analysis the screen over size in a rotap by using √2 
series screen  
5. Combine the undersize and oversize result to get the 
sample PSD 
6.  
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The grinding time was kept constant for 2 minutes for all the experiments to keep the mil specific 
energy consumption within 5 to 15 kWh/t. The specific energy for the test work was ranged from 5 
to 15 kWh/t, based on the amount of materials in the mill and power draw. The specific energy 
range is within the typical operating specific energy of industrial scale gravity induced stirred mills. 
4.2.7 Particle Size Analysis 
Particle sizing technique in fine grinding is vital as small absolute errors translate into significant 
relative errors. Even a one-micron measurement error can have a significant change on estimated 
power draw (Pease et al., 2005) for ultra-fine grinding, although for P80’s of over 100µm in this 
test work an accuracy of a few µm is acceptable. The ground slurry was filtered, dried and a 
representative sample was obtained from the dried sample through rotary splitting. The sizing was 
carried out by using √2 series standard sieves with a top size of 1180 µm. For each sizing, on 
average 150- 200 g of representative samples were screened down to 25 µm. The procedure started 
with taking representative sample of the dried ground slurry by using a raffle and rotary splitter, wet 
screened at the finest sieve size (25 μm), dried the plus 25 μm in oven and dry screen on the full 
sieve stacks in a rotap for 10-15 minutes. Later, the minus 25 μm from dry screening was combined 
with minus 25 μm from wet screen to generate the full sizing the data of the sample.    
4.2.7 Data Reproducibility of the Grinding Test Work 
   
Figure 4.9- Particle size distribution for data reproducibility test  
Three repeat experiments were carried out in order to test the reproducibility of the mill for both 
ores. The slurry density was kept at 60%, media size was 20 mm, and stirrer tip speed was 
maintained at 2.5 m/s. Size distribution for those experiments for both the ores shows a similar 
reproducibity as shown in Figure 4.9. The two-sample t-Test assuming unequal variances for the 
sizing data shows that “probability of error by mentioning PSD for experiments 13, 14 and 15 is not 
same” is 0.45 for Cu-Au ore (Table 4.6) and 0.48 for limestone (Table 4.7). The error probability is 
Cu-Au Ore Limestone  
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too high to accept the statement to be true. Hence, statistical analysis also shows that PSD of 
experiments 13, 14 and 15 are statistically similar. The COV for the P80 for the Cu-Au ore is 3.6%, 
and limestone is 1.45%. This has ensured the reproducibility of the grinding test work.  
Table 4.6 – t- Test for Cu-Au ore 
 
Table 4.7 – t- Test for limestone  
 
4.2.8 Data Logging 
Mill torque was the initial data generated while conducting the test work in the batch mill. The data 
generated by the torque meter was captured by interface software provided by S. Himmelstein and 
Company through a multichannel signal conditioner display and controller. Figure 4.10 shows the 
software screen where CH1 shows torque data in lb.in and CH2 shows mill speed data in rpm and 
CH3 shows power data in HP. The captured data was then converted into MS Excel format and 
multiplied by the calibration factor to determine the actual torque.   
t-Test: Two-Sample Assuming Unequal Variances (Cu-Au Ore)
Variable 1 Variable 2
Mean 73.25033555 74.40160118
Variance 676.0603961 647.5476429
Observations 12 12
Hypothesized Mean Difference 0
df 22
t Stat -0.10961916
P(T<=t) one-tail 0.456852597
t Critical one-tail 1.717144374
P(T<=t) two-tail 0.913705194
t Critical two-tail 2.073873068
t-Test: Two-Sample Assuming Unequal Variances (Limestone Ore)
Variable 1 Variable 2
Mean 70.52860393 71.02297533
Variance 939.3439041 913.6693229
Observations 12 12
Hypothesized Mean Difference 0
df 22
t Stat -0.039783657
P(T<=t) one-tail 0.484312218
t Critical one-tail 1.717144374
P(T<=t) two-tail 0.968624436
t Critical two-tail 2.073873068
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Figure 4.10- Windows interface screenshot for the torque measurement 
4.2.9 Calculating Specific Energy (SE) and Size Specific Energy (SSE)  
The specific energy for each experiment was calculated based on the torque data generated by the 
torque sensor. After multiplying by the calibrating factor, the actual torque was converted from 
torque (N-m) to energy form (kJ). Then the total energy for each experimental run was calculated 
by summing up all the kJ data up to 2 minutes. After that, average power for each experimental run 
was calculated by dividing total energy by the running time of the mill i.e. 120 seconds. Once 
average power (kW) was calculated, then it was converted into specific energy (kWh/t) form by 
multiplying by the time (h) and dividing by the amount of material (t) used in each experimental 
run. Table 4.8 shows the step-by-step calculation for determining specific energy for one of the 
experimental runs for the grinding test work.   
Table 4.8: Sample calculation to determine specific energy and size specific energy for the grinding experiment 
Solids (gram) 5441.82 
Total Energy (KJ) 248.58 
Time (s) 120.00 
Average Power (kW) 2.07 
Specific Energy (kWh/t) 12.69 
% New -75μm Generation 
 [P-75μm, Passing - F-75μm, Passing] 
15.80 
SSE75 (kWh/t)  
=  [ 
𝑆𝐸∗100
% New −75μm Generation
 ] 80.33 
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Size specific energy for -75μm was another marker that was used to compare the fines generation 
capability between each experimental run. Size specific energy for -75 μm for each experimental 
run was calculated by dividing specific energy by the amount of new -75 μm generated for each 
experimental run and then multiplied by 100. Table 4.8 shows a sample calculation of how to 
determine size specific energy for the experiment.   
4.3 Classification Test Work 
A gravity induced stirred mill is operated with a column of slurry above the mill screw to cope with 
mill charge expansion caused by the rotating screw and to ensure that the grinding media is retained 
within the mill as shown in Figure 3.1. In addition to retaining media, coarser particles in the slurry 
can settle back into the grinding zone depending on the upward flow velocity. This classification 
behaviour is similar to a hydraulic classifier; however, the classification effect is irregular and 
weakened by the turbulence created by the rotating screw and feed stream. Gravitational, buoyancy 
and drag forces act on the particles in the classification zone. The drag force is increased by the 
upward-flowing slurry and its intensity depends on the volumetric feed rate to the mill consisting of 
feed slurry, recirculating slurry from the external classifier, and in some cases, water injection to the 
base of the mill. Particles in the internal classification zone are carried up to the discharge port 
when the drag force is greater than the particle weight, but heavy particles will sink back into the 
grinding zone. However, there are some particles where drag and weight remain in an equilibrium 
state. So there exists a particle classification cut size, and its value is determined by certain factors 
such as mill feed rate, solids concentration, feed size distribution, mill speed and slurry viscosity.. 
Therefore, it is essential to understand the particle classification behaviour in the classification zone 
and how it is affected by changes in process variables.  
4.3.1 Classification Test Work Methodology 
An experimental device was designed to simulate the flow and settling conditions within the 
classification zone. The classification device is shown in Figure 4.11(a) that consists of an acrylic 
column with 6 mm recycle hoses, 25 mm common recycle hoses and overflow launder. Figure 
4.11(b) shows the entire experimental arrangement with feed sump, pump, control panel and the 
acrylic column where particles undergo classification.  
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Figure 4.11- (a) The experimental column with slurry recycle hoses and overflow launder; (b) The entire 
apparatus consists of the acrylic column, feed tank and pump 
The experimental equipment was constructed around an acrylic column 0.15 meter in diameter and 
1 meter in height. The flow rate in the column was calculated to provide the same range of flow 
velocities as in an industrial mill. The column was bottom-fed through a diffuser plate to distribute 
the flow evenly over the cross section using a variable speed centrifugal slurry pump. The upward 
slurry flow carried particles from the bottom of the column to the overflow launder. The column 
was fitted with twenty-two recycle hoses of 6 mm diameter evenly distributed around the column 
wall in order to mimic the recycle of slurry back into the grinding zone. The slurry reported to the 
overflow launder which tends to contain finer particles than the stream returning via the recycle 
hoses. Both streams i.e. overflow and recycle flow returned to the feed sump. The equipment was 
designed by considering the overflow stream as equivalent to the mill discharge stream, the recycle 
stream as the particles that settle back into the grinding zone and the feed stream as the grinding 
product that transfers from grinding zone to classification zone in the mill operation. 
The slurry flow rate was controlled by a potentiometer that controls the pump speed. Industrial 
grade silica (SG= 2.66) was used in the experiment with a P80 of 394 µm and its feed size 
distribution is shown in Figure 4.12. Silica was chosen due it’s availability and similarly of specific 
gravity with different ores. The feed has a wide size distribution that covers that found in the gravity 
induced stirred mill, thus enabling assessment of the classification effect in the column. 
Acrylic 
column 
Sump 
Pump 
Overflow 
Launder 
Common 
Recycle 
Hoses 
6 mm Recycle 
Hoses 
a b 
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Figure 4.12 - Feed particle size distribution for the classification test work 
A statistical two variables – three level full factorial experimental design was chosen for this work. 
Three replicate tests were carried out to estimate the variability of the experimental data. In total, 
twelve experiments were conducted by varying solids concentration and superficial flow velocity 
(m/s). The experimental variables were chosen on the basis of relevance and measurability to the 
gravity induced stirred mill operation. The operating ranges for the variables are shown in Table 4.9 
and are similar to the typical conditions in an industrial gravity induced mill. 
Table 4.9 - Range of operating conditions for the classification test work 
Variable Value or Range 
Percent Solids Concentration  50 – 70 (w/w)  or  26 – 45 (v/v) 
Superficial Flow Velocity (m/s) 0.01 – 0.021 
Overflow Flow Rate (m3/hr) 
(Corresponds to the Superficial Flow Velocity) 
0.65 – 1.35  
The superficial flow velocity is the ratio of the overflow flow rate to the cross-sectional area of the 
column. The solids concentration of the slurry entering the acrylic column was measured from the 
feed stream, and overflow flow rate was measured by manual time cuts for a known volume. 
Samples for each experimental run were collected once the target experimental conditions were 
achieved. The sizing was carried out by using √2 series sieves with a top size of 4750 µm. For each 
sizing, on average 150- 200 g of representative samples were screened down to 25 µm.   
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4.3.2 Experimental Repeatability  
The experiment repeatability and flow stability were evaluated to ensure the quality of the data. 
Repeat samples were taken from the feed, recycle and overflow streams in one-hour intervals and 
data was balanced using the JKSimMet simulation software. Size distributions of two sets of 
samples are shown in Figure 4.13 confirming consistent sizing results. The coefficient of variance 
for the solids concentration and flow velocity were calculated as 2.12% and 1.72% respectively. 
 
Figure 4.13- Size distribution for the feed, recycle and overflow stream for stability tests 
4.3.3 Data Reproducibility of the Classification Test Work 
Experimental runs with 50% solids slurry – 0.015 m/s flow velocity, 50% solids slurry – 0.021 m/s 
flow velocity and 70% solids slurry – 0.015m/s flow velocity were repeated to establish data 
reproducibility of the test work. Size distribution of the overflow, recycle flow and feed with 
repeated experimental run for these three conditions is shown in Figure 4.14 where 50% solids 
slurry – 0.015 m/s flow velocity condition show a small deviation in the overflow size distribution, 
representing the maximum variability between repeat tests. The other repeat experimental runs are 
almost identical, showing excellent reproducibility between runs.  
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Figure 4.14 - Data repeatability of the classification test work 
4.4    Summary of the Chapter 
To understand the behaviour of the mill operation, both breakage and classification test works were 
conducted in two separate experimental apparatus. The grinding test work was carried out in a batch 
mill, and the classification test work was carried out in a device designed to replicate the 
classification behaviour of the industrial gravity induced stirred mill   
The grinding test work was carried out by varying grinding media size, mill tip speed and percent 
solids concentration. The mill torque and rotational speed were calibrated. Limestone and Cu-Au 
ore were used in the experiments. The experiments were design based on the Box-Behnken 
experimental design approach. Three repeat experiments embedded in Box-Behnken design showed 
good data reproducibility both for Cu-Au ore and limestone. Hence, both experimental 
methodology and particle sizing technique showed good consistency. 
The classification test work was carried out in a vertical acrylic column equipped with overflow 
launder to collect the fines and recycle stream for the coarse particles. Industrial silica was used in 
this semi-continuous experiment, and total 12 experimental runs were carried out by varying 
percent solids concentration and slurry flow velocity. The overflow stream had a finer particle size 
distribution compared to the recycle stream.  
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    Results and Discussion of the Grinding and 
         Classification Test Work 
Grinding and classification test work data were analyzed to study mill behavior and product 
characteristics at different operating conditions. The analysis identified the optimum conditions 
that facilitate efficient breakage and classification. These results were used to develop models for 
describing the trends of mill breakage and classification behaviour within the experimental 
conditions.   
5.1  Introduction 
Data generated from the grinding and classification test work were analyzed to understand the effect 
of operating variables on particle breakage and classification in the mill. Effect of batch gravity 
induced mill operating conditions over mill torque generation , product particle size distribution and 
fine particle production was identified by analyzing the grinding test work data. On the other hand, 
the classification test work data were analyzed to develop empirical models for corrected cut size 
(d50C) and sharpness index (α) for the gravity induced mill internal classification zone.     
5.2  Grinding Test Work  
The following sections will analyze the effect of operating variables on the torque, particle size 
distribution and product fineness. 
5.2.1 Effect of Operating Condition on Torque  
Mill torque changes with the changes in process conditions and some process conditions generate 
lower torque compared to others during particle grinding in the mill. Identifying the reasons for the 
lower or higher torque generation related to certain process conditions will lead to an in-depth 
understanding of the gravity induced stirred mill operation. 
5.2.1.1 Effect of Media Size 
The effect of media size on torque was studied when the mill was operating with only water. Figure 
5.1 shows the torque as a function of media size over a period of operation. Higher torque was 
required to stir the coarser media compared to the finer one. This phenomenon might be caused by 
the interlocking of the coarse media at the bottom of the mill. Furthermore, the torque reading was 
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much smoother for the finer media. Figure 5.2 shows the CoV of the torque for various media sizes. 
The 15 mm media shows the lowest CoV indicating a smoother torque reading. Larger media size 
generated higher resistance for the mill screw to rotate due to the higher friction, lower packing 
density and unfavorable media motion resulting in higher torque. Moreover, higher spikes were 
recorded in the torque data for the larger media due to the locking of the media between mill wall 
and rotating screw. Smaller media showed lower friction over mill screw and generated less torque 
with lower data oscillation. Furthermore, media locking was not evident for the smaller media; 
hence, the screw digging shoe (bottom of the screw) scooped out the smaller media more efficiently 
compared to the larger media. 
 
Figure 5.1 – Batch gravity induced stirred mill torque in different media size 
 
Figure 5.2 - Batch gravity induced stirred mill torque CoV (%) in different media sizes 
The effect of media size on torque was prominent in small mills but not observed in the production 
scale mill as seen from Table 3.1 where mill production scale mill power is a function of the mass 
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of grinding media irrespective of the size. Further analysis on a pilot scale mill is required to 
evaluate the impact of media size on torque. Initial conclusions are that the use of oversize media in 
the laboratory batch mill can lead to high torque figures not representative of production scale mills. 
5.2.1.2 Effect of Mill Tip Speed 
Another essential operating variable in gravity induced stirred mills is the tip speed. Typically, the 
tip speed is kept constant at 3 m/s in most of the mills, but recently the higher tip speed was 
introduced in the large-scale mills (i.e. 20% increase in tip speed). Based on this information, the tip 
speed was varied over three levels to quantify its effect on ore grindability. Firstly, the impact of tip 
speed on torque was evaluated. Figure 5.3 shows the torque over a period at three levels of tip speed 
(i.e. 2, 2.5 and 3 m/s).  A nonlinear increase in torque was observed as the stirrer tip speed rose. 
Average torque increased by 8.7% when the stirrer tip speed rose from 2 to 2.49 m/s while an 
increase of 5.5% was observed when the tip speed increased from 2.49 m/s to 2.99 m/s as shown in 
Figure 5.4. As the screw rotational speed increases, the grinding media is mobilized and gains 
momentum. Further increases of the screw rotational speed will fluidize the media, exerting less 
force on the screw that reduces the required torque to stir the media. There will be certain 
conditions when increasing speed will freeze the media at the mill wall, and torque will drop 
drastically.           
 
Figure 5.3 - Batch gravity induced stirred mill torque in different mill tip speed 
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Figure 5.4 - Increase in average torque with tip speed for batch gravity induced stirred mill  
The torque remained consistent as the speed increased based on the steady CoV calculated from the 
torque data. A consistent CoV value of 3.3 to 3.6 was recorded for the three tip speeds used in the 
experiment, the torque is stable with increasing speed.   
5.2.1.3 Effect of Percent Solids Concentration 
The slurry solid concentration had minimal effect on torque compared to grinding media size and 
mill tip speed in the batch laboratory gravity stirred mill operation. Higher solids concentration had 
an effect on torque as grinding progresses due to the increase in slurry viscosity. Figure 5.5 shows 
an almost constant torque for 50% solids whereas, for 70% solids, torque increases gradually with 
time. The combined effect of higher percent solids and newly generated fines in the slurry created 
the viscosity effects that increased the torque at the mill shaft.    
 
Figure 5.5 - Batch gravity induced stirred mill torque in different percent solids concentration in the slurry 
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The evidence of an increase in slurry viscosity for 70% solids can also be seen in Figure 5.6 where 
differences in torque for 70% and 50% solids slurry increase with time.  
 
Figure 5.6 - Differences in batch gravity induced stirred mill torque for 70% and 50% solids in the slurry 
5.2.1.4 Effect of Types of Materials 
The limestone and Cu-Au ore samples used in the test work showed different torque at the same 
operating condition as shown in Figure 5.7. The Cu-Au ore has 24% more particles below 25µm 
size compared to the limestone, resulting in a higher viscosity and thus torque. Apparently, the 
difference is not significant for 2 minutes grinding, however the difference would make higher 
effect if the mill was keep running for longer times.  
 
Figure 5.7 - Batch gravity induced stirred mill torque for Cu-Au ore and limestone 
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5.2.2 Effect of Operating Variables on Product Particle Size Distribution 
Typically, the gravity induced stirred mill volume is filled with 70-80% with grinding media. 
Grinding media selection regarding its size and type are essential in the stirred mill operation. High 
chrome steel media is commonly used in the gravity induced stirred mill. Usually coarser media 
(19, 25 and 40 mm) are used in secondary grinding duty while smaller media (12.7 and 15 mm) are 
used in regrinding duty. One of the operating variables that were varied in this work was grinding 
media size. As mentioned in the previous section, three sizes of high chrome grinding media (i.e. 
15, 20 and 27 mm) were tested during the experiments.  
Figure 5.8 shows the effect of media size on particle size distribution for two different types of 
samples. The 15 mm media was struggling to break the top size particles in the hard ore while the 
coarser media could do so as seen on 97-100% passing zone. Conversely, both media did not 
generate a higher amount of fines as seen in the fine tails of the particle size distribution. A higher 
grinding efficiency was observed in limestone with finer media, had resulted in finer particle size 
distribution. The results indicate that the choice of media size depends on its ability to break the top 
particle sizes and hardness of the materials. Larger media is used for coarse and hard feed materials 
to achieve relatively coarser particle size distribution. Smaller media is used for finer grind with 
fine feed size distribution.  
   
Figure 5.8- Effect of media size over particle size distribution in the batch gravity induced stirred mill 
The effect of tip speed on the product fineness was studied by varying it at three levels (i.e. 2.0, 2.5 
and 3.0 m/s). Figure 5.9 shows the effect of two levels of tip speed on particle size distribution. 
Higher stirrer tip speeds produced finer particle size distributions. The grinding media will 
experience higher kinetic energy as the tip speed increases. This phenomenon will facilitate 
breakage as more energy is imparted to the particles resulting in a finer particle size distribution. 
The limestone sample exhibits a finer particle size distribution compared to the Cu-Au ore due to its 
softness. 
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Figure 5.9 - Effect of mill tip speed over particle size distribution in the batch gravity induced mill 
The effect of solid concentration was also tested in the batch mill. The effect of solid concentration 
in the batch mill is different from a continuous mill. In the case of the batch mill, the solid 
concentration has a direct effect on the specific energy for a given power. For a constant mill power 
draw, the specific energy reduces as the solid concentration increases. This phenomenon was 
observed due to the increase in the mass of materials in the mill and shown in the torque model later 
in this chapter. Based on this argument, the higher solid concentration resulted in coarser particle 
size distribution for both the samples as shown in Figure 5.10. From the operational point of view, 
the gravity induced stirred mill is typically operated between 65 -70 % solids (w/w) for 2.8 S.G. 
material and 75-80% for higher specific gravity materials.     
  
Figure 5.10 - Effect of percent solids concentration on particle size distribution in the batch gravity induced 
stirred mill 
5.2.3 Average Torque and Particle Size Modelling 
As mentioned in Chapter 4, 15 experiments with Cu-Au and limestone samples were carried out 
respectively to evaluate the effect of operating conditions (i.e.% solids, media size and stirred tip 
speed) on the torque and particle size. The torque, energy consumption and P80 sizes for limestone 
and Cu-Au ore were different due to the variation in ore mineral characteristics and feed particle 
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size distribution. The experimental conditions, average torque, specific energy and P80 sizes for 
limestone and Cu-Au ore is shown in Table 5.1 The mill tip speed was varied between ± 1% of the 
experimental design value as it was set through a potentiometer. Table 5.1 shows that Cu-Au ore 
consumed up to 12% of higher torque and specific energy compared to limestone due to its ore 
hardness, feed size distribution and fine content in the feed materials. 
Table 5.1 - Average torque, average power, specific energy and P80 sizes at different operating conditions for the 
grinding test work in the batch gravity induced stirred mill 
 
Nonlinear models for average torque and P80 size were developed to identify how batch gravity 
induced stirred mill energy and size respond in different operating conditions. Average torque 
models for Cu-Au and limestone samples are shown in Equation 5.1 and Equation 5.2 respectively. 
Weight solids concentration was converted into volume based solids concentration by using solid 
SG data while developing the average torque model. The models respond to the change in media 
size, stirrer tip speed and solid concentration. Both models show good agreement with predicted 
values as shown in Figure 5.11. The media size and tip speed have a stronger effect compared to the 
solid concentration. The main limitation of these empirical models is that they can be only applied 
to this batch gravity induced stirred mill, but they do provide a good understanding of the impact of 
operating variables on torque. In future, a relationship between the industrial scale mill and the 
Cu-Au Ore Limestone Cu-Au Ore Limestone Cu-Au Ore Limestone Cu-Au Ore Limestone Cu-Au Ore Limestone Cu-Au Ore Limestone
0.00 0.00 431.77 558.33
1 15 60 35.29 35.71 1.99 2.02 23.24 23.54 1.52 1.52 7.05 7.10 226.50 204.76
2 15 60 35.29 35.71 3.00 3.00 26.72 26.12 1.74 1.75 8.07 8.15 167.04 172.05
3 27 60 35.29 35.71 2.03 2.02 31.20 27.80 2.02 1.79 9.33 8.34 208.39 233.70
4 27 60 35.29 35.71 3.00 2.99 35.07 32.34 2.31 2.17 10.70 10.10 179.35 193.84
5 15 50 26.67 27.03 2.49 2.51 24.77 23.62 1.59 1.51 9.77 9.32 166.56 145.05
6 15 70 45.90 46.36 2.50 2.50 25.21 25.08 1.63 1.64 5.81 5.89 203.99 183.40
7 27 50 26.67 27.03 2.51 2.50 32.14 28.68 2.07 1.86 12.69 11.45 174.89 202.35
8 27 70 45.90 46.36 2.50 2.51 34.29 32.26 2.22 2.09 7.89 7.49 190.47 221.96
9 20 50 26.67 27.03 2.01 2.01 26.39 25.08 1.72 1.64 10.53 10.08 183.14 191.56
10 20 70 45.90 46.36 2.02 2.03 27.61 26.87 1.78 1.76 6.34 6.30 197.12 227.46
11 20 50 26.67 27.03 2.99 3.01 30.23 27.04 1.97 1.77 12.06 10.88 143.11 143.42
12 20 70 45.90 46.36 3.01 3.00 30.89 29.92 2.02 1.98 7.17 7.09 164.56 173.72
13 20 60 35.29 35.71 2.49 2.49 29.41 29.04 1.89 1.89 8.75 8.47 183.58 176.44
14 20 60 35.29 35.71 2.49 2.50 26.57 27.66 1.87 1.80 8.62 8.37 184.63 174.46
15 20 60 35.29 35.71 2.50 2.51 26.84 27.11 1.90 1.75 8.89 8.14 172.93 179.19
Exp. 
No
Experimental Conditions Responses
Average Torque (Nm)Media 
Size 
(mm)
Tip Speed (m/s)
Specific Energy 
(kWh/t)
P80 ( μm)% 
Solids
(w/w)
Average Power (kw)% Solids (v/v)
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batch mill can be developed in order to apply these models to predict the torque for industrial scale 
mills  
τavg (Cu-Au) (Nm) = 3.85 (Media Size)0.48  (Stirrer Tip Speed)0.32 (% Solids (v/v))0.07   (5.1) 
τavg (Limestone) (Nm) = 4.11 (Media Size)0.35  (Stirrer Tip Speed)0.28  (% Solids(v/v))0.16   (5.2) 
  
Figure 5.11 - Actual and predicted specific energy value for the batch gravity induced mill 
The ability of the torque model to predict torque at different operating conditions for the batch 
gravity induced stirred mill shown in Figure 5.12 to Figure 5.14. In general, the average torque 
increases for larger grinding media, higher stirrer tip speed and solid concentration. The model 
prediction has a similar trend compared to the experimental results. The aim of this exercise was to 
evaluate the response of the model and its predictive capability. 
   
Figure 5.12 - Average torque model prediction for different stirrer tip speed 
Cu-Au Ore Limestone 
Cu-Au Ore Limestone 
% Solids (v/v) = 35.3 % 
 
 
  
% Solids (v/v) = 35.3% 
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Figure 5.13 - Average torque model prediction for different grinding media size 
  
Figure 5.14 - Average torque model prediction for different slurry solids concentration 
Models were also developed to represent the particle size of the mill product. In this case, the P80 
(size at 80% passing) was chosen as the marker to represent the particle size. This marker was 
chosen as it is commonly used in the minerals industry to represent the particle size. Equation (5.3) 
and (5.4) show the P80 models for Cu-Au ore and limestone respectively. The models have the 
capacity to respond to variations in media size, tip speed and specific energy but are limited to the 
batch gravity induced stirred mill. Furthermore, the models are also ore specific. The standard error 
and confidence level (95%) for the Equation 5.3 is 0.183 and 0.36 and for the Equation 5.4 is 0.289 
and 0.567 respectively 
P80 (Cu-Au) (µm) = 356 (Media Size) 0.15 (Stirrer Tip Speed)-0.43 (SE)-0.33  (5.3) 
P80 (Limestone) (µm) = 139 (Media Size) 0.54 (Stirrer Tip Speed)-0.56 (SE)-0.39  (5.4) 
In the model structure, the specific energy itself is a function of the slurry solids concentration, 
media size and stirrer tip speed. However, the media size and stirrer tip speed also affect the product 
particle size distribution in the batch gravity induced stirred mill. Hence, in the model structure, the 
media size and stirrer speed show the actual effect of changing P80 sizes on the top of their effect on 
changing the specific energy.   
Cu-Au Ore Limestone 
Cu-Au Ore Limestone 
Stirrer Tip Speed = 3 m/s 
 
Stirrer Tip Speed = 3 m/s 
 
Stirrer Tip Speed = 3 m/s 
 
Stirrer Tip Speed = 3 m/s 
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Figure 5.15 shows the comparison between the measured and predicted P80 values from the models. 
Both models have a reasonable capability of predicting the particle size. Based on these outcomes, 
it can be concluded that the empirical models have the capability to predict the particle size for the 
Cu-Au ore and limestone ground in the batch gravity induced mill.   
  
Figure 5.15 - Observed and predicted P80 sizes for the batch gravity induced stirred mill test work 
The model parameter shows that media size and mill tip speed have higher influence for limestone 
compared to Cu-Au ore whereas the specific energy has similar effects on both the ores. P80 size 
prediction in different operating conditions and specific energy is shown in Figure 5.16 to Figure 
5.18, where larger P80 sizes are found for lower tip speed, higher media size and lower specific 
energy related to the batch gravity induced stirred mill operation. These figures show that common 
trend where changes in P80 size with the operating condition was higher for limestone compared to 
the Cu-Au ore. This is entirely due to the hardness of the ores, where softer ore product particle size 
distribution changes more with the change in operating conditions compared to the harder ore.        
  
Figure 5.16 - P80 model prediction in different stirrer tip speed for the batch gravity induced mill 
Cu-Au Ore Limestone 
Cu-Au Ore Limestone 
R2 = 0.72 R2 = 0.87 
SE = 10 kWh/t 
 
SE = 10 kWh/t 
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Figure 5.17 - P80 model prediction in different media size for the batch gravity induced mill 
  
Figure 5.18 - P80 model prediction in different specific energy for the batch gravity induced mill 
According to the model, stirrer tip speed has a higher effect of changing the P80 sizes for limestone 
compared to Cu-Au ore as shown in Figure 5.16. Smaller grinding media produces smaller P80 
sizes, and grind size increases almost linearly with the increase in grinding media sizes as shown in 
Figure 5.17. Figure 5.17 also shows that P80 sizes increases with the increase in grinding media size. 
However, the Cu-Au ore shows an almost constant P80 size with increasing grinding media size, 
which indicates that media size had minimum effect on P80 sizes in the batch mill grinding. A 
nonlinear decrease of P80 size is found with the increase in specific energy input to the mill as 
shown in Figure 5.18. In the batch mill, an increase in specific energy means energy per particles 
also increases and this can generate increased particle breakage. However, as the particles size 
reduces, they become harder to break due to fewer weakness planes, so more energy is consumed in 
particle breakage. This has led to a nonlinear response on the input energy and particle size in the 
batch gravity induced stirred mill.  
 
Cu-Au Ore Limestone 
Cu-Au Ore Limestone 
Tip Speed = 3m/s 
 
Tip Speed = 3m/s 
 
Tip Speed = 3m/s 
 
Tip Speed = 3m/s 
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5.2.4 Fines Production in Different Operating Conditions 
Besides P80, another measure of process efficiency can be drawn based on generation of new fine 
particle. Hence, a marker size needs to be chosen for the assessment. For this work, the new -75 µm 
has been chosen as the marker to represent the product fineness. In the experimental test work with 
the change in experimental conditions, generation of fine particles was changing too. Table 5.2 
shows the generation of new-75μm particles for limestone and Cu-Au ore where different clusters 
indicate differences in efficiency of fines generation. The general trend indicates that the mill 
operating variables have an effect on the amount of fines being generated.  
The new generation of -75 μm particles is shown in Figure 5.19 where marker colors correspond to 
the colors in Table 5.2. The fines generation is more favorable for the smaller media and higher 
stirrer tip speed. This phenomenon was observed for both the samples. Table 5.2  shows that mill tip 
speed was the most influential parameter for generating fines in the batch gravity induced for Cu-
Au ore whereas grinding media size was the most influential parameter for limestone. Likewise, 
lower tip speed for Cu-Au ore and larger media size for limestone always played an adverse effect 
in generating fines for the batch gravity induced stirred mill test work. Size specific energy for -75 
μm (SSE75) shows limestone consumed on average 60% lower energy compared to Cu-Au ore for 
generating -75 μm fines in the batch gravity induced stirred mill. SSE75 for the Cu-Au ore and 
limestone was ranged from 47.45 – 83.07 kWh/t and 18.23 – 35.89 kWh/t respectively. 
Table 5.2 - % new generation of -75μm in different operating conditions for Cu-Au ore and limestone 
  
Media 
Size (mm)
Tip 
Speed 
(m/s)
% 
Solids 
(w/w)
SE 
(kWh/t)
% New 
generation
  -75 μm
SSE -75μm 
(kWh/t)
15 3.0 60 8.07 15.32 52.67
20 3.0 50 12.06 18.97 63.56
20 3.0 70 7.17 15.12 47.45
27 3.0 60 10.70 14.82 72.19
15 2.5 50 9.77 15.12 64.60
15 2.5 70 5.81 11.21 51.83
27 2.5 50 12.69 15.80 80.33
27 2.5 70 7.89 13.22 59.66
20 2.0 70 6.34 11.07 57.28
20 2.5 60 8.75 13.46 65.05
15 2.0 60 7.05 9.58 73.60
27 2.0 60 9.33 11.31 82.46
20 2.0 50 10.53 12.67 83.07
Cu-Au Ore
Media 
Size 
(mm)
Tip Speed 
(m/s)
% 
Solids 
(w/w)
SE 
(kWh/t)
% New generation
  -75 μm
SSE -75μm 
(kWh/t)
15 2.5 50 9.32 39.2 23.78
15 2.5 70 5.89 32.3 18.23
20 3.0 70 7.09 35.0 20.28
15 2.0 60 7.10 29.3 24.23
15 3.0 60 8.15 32.9 24.78
20 3.0 50 10.88 40.1 27.09
20 2.5 60 8.61 34.2 25.19
27 2.0 60 8.34 27.9 29.94
27 3.0 60 10.10 31.7 31.82
27 2.5 50 11.45 31.9 35.89
27 2.5 70 7.49 27.7 27.07
20 2.0 50 10.08 31.9 31.58
20 2.0 70 6.30 26.1 24.15
Limestone Ore
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Figure 5.19 – SSE75 to new generation of -75μm in different operating conditions for breakage test work 
Figure 5.20 shows a linear increase in average SSE75 with the increase in grinding media size that 
indicates smaller grinding media size is favorable for generating fines in the batch gravity induced 
stirred mill.   
. 
Figure 5.20 - Average SSE75 at different grinding media for the breakage test work 
5.3 Classification Test Work Results 
Classification test work results summarize the effects and quantify the particle classification 
efficiency in a rising bed type particle classifier associated with a coarse recycling system. Before 
analyzing any data generated by the classification column, it was necessary to estimate the degree 
of particle classification expected to take place in the test column. Hence, size distributions for the 
feed, recycle and overflow stream were plotted as shown in Figure 5.21. The points show the 
measured data while the solid lines represent the balanced data. All experimental data were 
balanced for particle size, percent solids, and mass flow rate. Both measured and balanced data 
show good agreement indicating good experimental procedure. The difference in the particle size 
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distribution indicates that the test equipment performed as a classifier and has the potential to 
predict particle classification behaviour that takes place inside the gravity induced stirred mill 
classification zone. By correlating different streams to mill internal classification process, it is 
justified to define the overflow stream as equivalent to the mill discharge stream and the recycle 
stream represents the particles that settle back into the grinding zone. The feed stream is the 
grinding product that transfers from grinding zone to classification zone in the mill operation. 
 
Figure 5.21 - Particle size distribution for the feed, overflow and recycle stream for the classification test work 
5.3.1 Responses of Particle Size Distribution to Different Operating Conditions 
Particle size distribution for the overflow, recycle flow and feed stream of the classification column 
changed with different percent solids concentration and flow velocities. Figure 5.22 and Figure 5.23 
show the effect of flow velocity and solid concentration, showing that the overflow size distribution 
became coarser as the solid concentration and flow velocity increased.   
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Figure 5.22 - Variation in recycle flow and overflow size distribution at different superficial flow velocity 
 
  
Figure 5.23- Variation in recycle flow and overflow size distribution at different solids concentration (w/w) 
Figure 5.22 indicates that higher feed rate in the gravity induced stirred mill will flow out both the 
coarse and fine particles from the grinding zone and pass on to the discharge port through the 
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internal classification zone. On the other hand, Figure 5.23 shows that higher solids concentration 
increase the probability of more coarse particles being moved out of the classification zone. Hence, 
the gravity induced stirred mill internal classification effects are expected to be more pronounced 
when the slurry is dilute and the feed rate is low.             
5.3.2 Calculation of Classification Corrected Cut Size (d50C) and Sharpness of the Cut (α)  
Actual and corrected partition graphs for each experimental run were developed to calculate the 
corrected cut size (d50C) and sharpness of the cut (α). The variation in the partition graphs with the 
change in flow velocity and solids concentration are shown in Figure 5.24 and Figure 5.25 
respectively. The partition graphs show that most of the particles in the column reported to the 
recycle stream due to high water fraction to the recycle flow. This is also expected in the gravity 
induced mill where higher portion of the particles will not be classified due to disturbance like 
screw rotation at the bottom and feed stream at the top of the internal classification zone. 
    
 
Figure 5.24 - Actual and corrected partition graph at different flow velocity for the classification test work 
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Figure 5.25 - Actual and corrected partition graph at different solids concentration for the classification test 
work 
Corrected cut size (d50C) was calculated from the corrected partition curve by interpolation  and 
sharpness of the cut (α) was determined following Whiten’s expression (ipud Napier-Munn et al., 
1996): 
ERCi =  
𝐞𝐱𝐩(𝛂𝐱𝐢)−𝟏
𝐞𝐱𝐩(𝛂𝐱𝐢)+𝐞𝐱𝐩(𝛂)−𝟐
         (5.5) 
where  
ERCi  : corrected efficiency to recycle-flow at size i,  
xi  : reduced size (di/d50c)  
di  : size of interest.   
The corrected cut sizes (d50C) and sharpness of the cut (α) calculated from the partition curve for 
each experimental run are shown in Table 5.3 where both the d50C and α increase with the increase 
in slurry solids concentration and flow velocity.  
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Table 5.3 - Corrected cut size (d50C) sharpness of the cut (α) and water bypass (Cbypass) values in different 
experimental conditions 
Exp. 
No 
Flowrat
e 
(m3/hr) 
Flow 
Velocity 
(m/s) 
% Solids (w/w) % Solids (v/v) 
d50C 
(µm) 
α Cbypass 
Feed 
Recycle 
flow 
Over 
Flow 
Feed 
Recycle 
flow 
Over 
Flow 
1 0.65 0.010 48.51 54.65 30.65 26.15 31.18 14.25 66 0.15 0.34 
2 0.97 0.015 49.10 53.63 37.98 26.61 30.30 18.71 165 0.29 0.36 
3 1.34 0.021 49.58 54.36 40.92 26.99 30.93 20.66 365 0.50 0.42 
4 0.64 0.010 60.13 62.40 50.78 36.18 38.42 27.95 282 0.19 0.24 
5 1.00 0.016 60.40 62.73 54.11 36.44 38.75 30.71 466 0.37 0.31 
6 1.31 0.021 59.58 61.34 55.85 35.66 37.36 32.23 1219 0.70 0.35 
7 0.66 0.010 69.40 70.28 67.70 46.02 47.06 44.07 989 0.40 0.21 
8 1.01 0.016 69.31 70.17 66.89 45.92 46.93 43.17 1737 0.66 0.28 
9 1.36 0.021 69.07 69.91 67.31 45.64 46.62 43.63 2035 0.76 0.34 
Table 5.3 shows the particle classification effect in a rising bed classifier with coarse recycling 
system where particle corrected cut size (d50C) and sharpness of the cut (α) varies with the change in 
process conditions. Gravity induced stirred mills also possess a similar classification mechanism 
above the grinding zone, hence linking classification parameters (d50C and α) to the process 
parameters (% solids concentration and flow velocity) generated from the experiment can be 
utilized to identifying the internal classification behaviour of the mill.     
5.3.3 Modelling Classification Corrected Cut Size (d50C) and Sharpness of the Cut (α)  
A non-linear empirical model relating d50C and α to the slurry percent solids concentration and flow 
velocity can quantify the gravity induced stirred mill classification effect over the particle size 
distribution that passes through the classifier. Weight based percent solids concentration was 
converted into volume based percent solids concentration to develop the models. Hence, ore with 
different specific gravity can be used in the model.  
Table 5.3 shows that classification corrected cut size (d50C) and sharpness of the cut (α) increases 
with the increase in percent solids concentration and flow velocity. This has led to the following 
nonlinear equation to express corrected cut size (d50C) to the process conditions. 
d50C = 0.114  𝐅𝐥𝐨𝐰 𝐕𝐞𝐥𝐨𝐜𝐢𝐭𝐲 (
𝐦
𝐬
)𝟎.𝟖𝟓 % 𝐒𝐨𝐥𝐢𝐝𝐬 𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 (
𝐯
𝐯
)𝟑.𝟒𝟑   (5.6) 
Excel solver was used for non-linear parameter estimation. The equation shows the dominance of 
solids concentration compared to flow velocity in determining the corrected cut size. However, the 
effect of flow velocity is still significant because it can vary over a wider range of values in relative 
terms. The standard error and confidence level (95%) for the model is 7.84 and 15.39 respectively 
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and the model accuracy is shown in Figure 5.26 where a good agreement is found between actual 
and predicted values.  
 
Figure 5.26 - Actual and predicted corrected cut sizes (d50C) for the classification test work 
Model prediction is shown in Figure 5.27 where corrected cut size (d50C) changes almost linearly 
with the change in slurry flow velocity in the rising bed classifier. Conversely, a quadratic response 
was observed for the change in corrected cut size with the slurry solids concentration, where a 
higher slurry concentration was associated with a larger particle corrected cut size (d50C).  
  
Figure 5.27 -  Model predicted d50C at different flow velocities and slurry solids concentration 
Figure 5.24 and Figure 5.25 show that classification partition curve becomes steeper as the flow 
velocity and percent solids increases. Hence, the following empirical expression was derived to 
express classifier sharpness of the cut (α) as a function of slurry solids concentration and flow 
velocity: 
α = 0.69  𝐅𝐥𝐨𝐰 𝐕𝐞𝐥𝐨𝐜𝐢𝐭𝐲 (
𝐦
𝐬
)𝟏.𝟏𝟔 % 𝐒𝐨𝐥𝐢𝐝𝐬 𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 (
𝐯
𝐯
)𝟏.𝟐𝟐   (5.7)   
0
500
1000
1500
2000
2500
3000
0 500 1000 1500 2000 2500 3000
M
ea
su
re
d
 d
5
0
C
Predicted d50C
R2=0.94
 
Chapter  5 
108 
 
The standard error and confidence level (95%) for the model is 0.002 and 0.0047 respectively and 
Figure 5.28 shows the measured and predicted sharpness of the cut (α) which shows good 
agreement. 
 
Figure 5.28 - Experimental versus predicted sharpness of the cut (α) for the classification test work 
Model prediction is shown in Figure 5.29 where the sharpness of the cut (α) changes almost linearly 
with the change in slurry flow velocity and solids concentration. The model predicts a larger α at 
higher flow velocities and solids concentrations indicating more efficient particle separation. 
  
Figure 5.29 – Model predicted α at different flow velocities and slurry solids concentration 
5.4  Summary of the Chapter 
Analysis of results from the experimental tests using the batch grinding gravity induced stirred mill 
and the classification device described in Chapter 4 were used to develop empirical models that can 
be used in population balance modelling of gravity induced stirred mills. 
The mill torque was found to be related to grinding media size, mill tip speed and slurry solids 
concentration. Average torque in the mill changed the most with change in grinding media size, but 
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it is noted that this was accompanied by large fluctuations in torque, indicating that the media was 
over-sized for the lab-scale stirred mill. Production devices do not show such a variation, so this 
result is currently viewed with caution. Mill tip speed shows a significant effect on torque. 
However, the effect of slurry solids concentration on the average torque was negligible until it 
results in a change in slurry viscosity. Particle size distribution in the batch mill becomes finer with 
the decrease in grinding media size, the increase in mill tip speed and the decrease in slurry solids 
concentration. Smaller grinding media and higher mill speed favored “% new generation of -75μm” 
and softer limestone generates more fines compared to harder Cu-Au ore.  
The classification test work proved the concept of particle classification in the rising bed classifier 
present in the gravity induced stirred mill classification zone. The test result showed that particle 
classification is affected by changing slurry solids concentration and flow velocity. Particle 
classification in the rising bed classifier was pronounced at lower slurry concentration and flow 
velocity. Empirical models for classification corrected cut size (d50C) and sharpness of the cut (α) 
were developed relating slurry solids concentration and flow velocity. The experiments concluded 
that a finer cut size (d50C) results from lower flow velocity and slurry solids concentration.  
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    Model Parameterization 
Particle size distribution data for a batch and continuous regrind gravity induced stirred mill were 
used to develop model parameters following the model structure as described in Chapter 3. Particle 
sizing data obtained from the batch mill test work was fitted to the population balance model by 
using simulated breakage function (following Austin’s model) and ore specific breakage functions 
(by utilizing Palaniandy (2014) ore characterization data) . The data fitting error and precision of 
the fit was calculated for both the ores. The model fitting showed that ore specific breakage 
functions reasonably represent the particle breakage in the gravity induced stirred mill for Cu-Au 
ore and limestone. On the other hand, the simulated breakage function can fit the entire product 
size distribution successfully for both the samples.  
For the continuous gravity induced stirred mill operation, data parameterization was carried out by 
using the simulated breakage function only as there was no ore specific breakage function data 
available for that continuous mill ore. Data fitting was carried out by considering the mill as a 
black box (assuming particle breakage and classification as a single size reduction process) as well 
as considering internal classification and grinding zone effect in the size reduction process. 
Different selection functions were developed for these two conditions whereas the simulated 
breakage function remained the same.  
Parametrizing of the batch and continuous gravity induced stirred mill shows that the model 
structure developed in Chapter 3 could be successfully applied to both the batch and continuous 
gravity induced stirred mill operation.  
6.1  Introduction 
Model Parameterization for the batch gravity induced stirred mill test work data and for a set of 
continuous gravity induced stirred mill survey data was carried out by using the population balance 
model described in Chapter 3. The Parameterization of the batch mill test work data was carried out 
by using simulated and ore specific breakage functions, and the results were analyzed to find the 
efficiency of these two breakage functions for fitting the sizing data of the batch mill. Furthermore, 
the selection function parameters were modeled to identify its response to different operating 
conditions i.e. specific energy, stirrer tip speed and media size. The continuous gravity induced 
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stirred mill Parameterization was carried out by using simulated breakage function only. Model 
fitting was carried out by considering two options; firstly, the mill operation was considered as a 
black box operation with mill feed and product data fitted and secondly, the internal classification 
was considered in the size reduction process and the grinding zone product size was developed in 
the fitting process.    
6.2   Model Parameterization for the Batch Gravity Induced Mill 
The batch gravity induced stirred mill Parameterization was carried out using the mill feed and 
product particle size distribution, grinding time and specific energy. The developed parameters were 
capable of identifying batch mill selection function response in different operating conditions. 
Furthermore, the effect of the ore hardness on the selection and breakage function was also 
discussed in this section.     
6.2.1 Parameterization Methodology 
As mentioned in Section 3.4, ore specific breakage function data for Cu-Au and Limestone as 
provided by Palaniandy (2014) and simulated breakage function following Austin et al. (1984) were 
utilized in the parameterization of the batch gravity induced mill. The aim of this sub-section was to 
identify how successfully the ore specific breakage function can fit the batch gravity induced mill 
size distribution as it was utilized for the first time in fitting any stirred mill operation. In addition to 
that, the dissimilarity and similarly between the ore specific and simulated breakage function were 
also analysed to identify the effectiveness of the new ore specific breakage function in describing 
the  gravity induced stirred mill particle breakage.  
Particle grinding for each test was fixed at 2 minutes, so parameterization was also carried out by 
setting the residence time (τ) value to 2 minutes. Due to batch operation, all the particles have the 
same residence time. The model was populated with feed size and product size distribution for each 
test run, and selection function parameters were calculated accordingly for each experimental 
condition. During Parameterization, it was found that the mill was capable of breaking the top size 
both for the limestone and Cu-Au ore. Hence, the selection function showed a linear increase with 
the particle size and fitting A and θ parameters in Equation 3.7 were sufficient to describe the 
selection function for the test work. The fitting error for each experimental run was developed to 
find the goodness of fit. Parameter A was correlated with mill operating condition based on the 15 
experimental data points for each ore type. Models of ‘A’ for both Cu-Au ore and limestone at 
different operating conditions were developed to simulate particle size distributions.  
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6.2.2 Goodness of fit 
This section will focus on the goodness of fit and its associated error. Two types of breakage 
function (i.e. simulated breakage function model and ore specific breakage function from the ore 
characterization test work) were evaluated to measure the goodness of the fit.  
 
 
Figure 6.1- Comparison of fitting error using ore specific and simulated breakage function 
During the fitting, an error was generated for each experimental run. The fitting error is a function 
of the capability of the breakage function to represent each breakage event in the mill, particle size 
analysis and other errors that might occur during the experimental work. Figure 6.1 shows the 
goodness of fit for each of the breakage functions for the Cu-Au ore and limestone. In the figure, 
the simulated breakage function shows a lower error compared to the ore specific breakage function 
obtained from the ore characterization test work. In the simulated breakage function approach, five 
parameters were fitted (i.e. two for selection function and three for breakage function) whereas for 
the ore specific breakage function, only two parameters required fitting (A and ϴ). The lower fitting 
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error was observed when higher numbers of parameters were fitted as the error was distributed 
between these parameters that led to a smaller total error. 
  
 
 
  
Figure 6.2 - Experimental and model predicted product size distribution using ore specific and simulated 
breakage function 
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Figure 6.2 shows the measured and fitted particle size distributions of two experiments (experiment 
5 and 12) product size for limestone and Cu-Au ore. In general, both the breakage functions exhibit 
a reasonably good fit. The Cu-Au ore shows good agreement between the measured and fitted 
particle size distributions compared to the limestone. The limestone shows poor fitting 
comparatively at the fine particle size range especially when the ore specific breakage function was 
used in the fitting. However, the new type of ore specific breakage function developed by 
Palaniandy (2014) shows the significant capability of fitting the product size distribution of the 
gravity induced stirred mill. Hence, it validates that the ore specific breakage developed by 
following Palaniandy (2014) methodology can be utilized in fitting product size distribution data of 
the gravity induced stirred mill.           
6.2.3 Comparison of Different Breakage Function 
The breakage function is one of the main components of the population balance model, and better 
estimation of its value will lead to the determination of a suitable selection function. In the 
population balance model, mill selection function is dependent on the input breakage function. 
According to Morrell et al. (1993), a breakage event in any mill grinding process is a function of the 
material being ground, the way the material is captured for breakage, the energy level and the 
direction of the force applied during the time of capture. Austin (1992) and Gao and Frossberg 
(1995) defined three modes of breakages in the grinding process that are described as follows: 
Abrasion is due to the application of local low-intensity surface breakage and produces bimodal 
particle size distribution. Hence for each breakage event, a particle close in size to the mother 
particle is developed along with fine particles taken from the surface of the mother particle.  
Cleavage results from the slow application of relatively intense stresses (compression) producing 
fragments slightly smaller than the mother particle. 
Fracture happens due to the rapid application of intense stresses, generating a wide size 
distribution. The developed particles from a breakage event are small with respect to the mother 
particle.  
Chipping was also mentioned by the Gao and Frossberg (1995) as the mechanism in-between 
abrasion and cleavage that corresponds to the removal of the small surface protrusions leaving a 
particle almost the same size of the mother particle. Hence, it can be deduced that ‘Attrition’ is a 
generic name for abrasion or chipping where a bimodal size distribution is produced. Stanley (1974) 
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has also defined pure attrition breakage as ‘whittling away’ of the mother particles associated with 
the production of fine detritus. 
Kelly and Spottiswood (1982) have depicted these three modes of breakage as shown in Figure 6.3. 
The authors had mentioned that these different breakage mechanisms never take place alone and are 
associated with one another. Moreover, types of mill, operating conditions and the materials being 
ground determine the relative predominance of these breakage modes in a breakage event. Hogg 
(1999) reported that particle grinding in most systems is attributed to attrition and massive fracture.  
 
Figure 6.3 – Different breakage mechanism and associated particle size distribution (Kelly and Spottiswood, 
1982)   
Breakage functions generated through simulation or ore characterization test work as provided by 
Palaniandy (2014) are shown in Figure 6.4 where it is clearly found that attrition is the dominant 
mode of breakage in the gravity induced stirred mill. The standard breakage function developed by 
Broadbent and Callcott is successfully used for ball mill modelling and simulation. This breakage 
function is extensively used in the perfect mixing ball mill model in JKSimMet – a steady state 
mineral processing simulator. The standard breakage function is shown in Figure 6.4, where it is 
compared with the ore specific and simulated breakage function to identify how stirred mill 
breakage differs from ball mill breakage. The simulated breakage function indicates a generation of 
larger particles close to the parent particle along with fines. The ore specific breakage function 
shows a relatively wider size distribution and a small hump at the fine end indicating mixing of 
breakage modes. The simulated breakage function shows higher attrition with a flat long fine tails 
compared to the ore specific breakage function, which may be the reason for the higher fitting error 
associated with the latter one. Moreover, the simulated breakage function for Cu-Au ore shows a 
higher peak for the next particle size below the mother particle in comparison to the limestone, 
indicating a higher fraction of attrition for harder ore.   
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Figure 6.4 - Comparison of the breakage function for Cu-Au ore and limestone 
The breakage function in the batch gravity induced stirred mill changes with the change in energy 
input and grinding media size. Austin et al. (1984) also mentioned that the breakage function 
changes with the grinding media size and top feed size in the mill. Later Morrell et al. (1993) 
elaborated on the concept and stated that the breakage function in a grinding mill depends both on 
material type and process conditions of the mill. For the gravity induced stirred mill test work, input 
energy and the way of applying energy changes with the change in process conditions and these 
changes are attributed to the breakage function as shown in Figure 6.5 to Figure 6.7. In these 
figures, only the simulated breakage function has been considered, as ore specific breakage function 
cannot respond with the change process condition as describe in Section 3.4. 
With the increase in stirrer tip speed, the degree of attrition in the breakage function increased, and 
the degree of change was higher for softer limestone compared to harder Cu-Au ore. Higher tip 
speed incorporates more particles and grinding media interaction in the mill, and it has resulted in 
higher attrition breakage in the batch gravity induced stirred mill as shown in Figure 6.5. 
  
Figure 6.5 – Simulated breakage function at different tip speed 
Slurry solids concentration also affected the breakage function as shown in Figure 6.6. Lower solids 
concentration provided higher specific energy to the particles, and the simulated breakage function 
Cu – Au Ore 
2 m/s - SE 6.34 kWh/t  
3 m/s - SE 7.17 kWh/t 
Grinding Media - 20 mm 
Slurry % Solids - 70%  
 
Limestone 
2 m/s - SE 6.30 kWh/t  
3 m/s - SE 7.09 kWh/t 
Grinding Media - 20 mm 
Slurry % Solids - 70%  
 
Cu-Au Ore 
Limestone 
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showed higher attrition breakage. However, the change was not significant for Cu-Au ore and 
smaller for the limestone considering higher variations in the specific energy.  
  
Figure 6.6 – Simulated breakage function at solids concentration 
The effect of grinding media on the simulated and ore specific breakage function for the batch mill 
is shown in Figure 6.7 where higher attrition grinding was found for small media size and it 
influenced limestone more compared to the Cu-Au ore. In the Figure, 15 mm media showed higher 
attrition breakages compared to the 27 mm media though higher energy was recorded for the 27 mm 
media. This shows that energy utilization for particle breakage in 15 mm media was higher 
compared to the 27 mm media where higher energy wastage happened due to higher grinding media 
friction. Figure 6.5 to Figure 6.7 illustrate that change in process conditions did not show a 
significant effect on the breakage function for the harder ore whereas softer ore is more sensitive to 
mill conditions.          
  
Figure 6.7 – Simulated breakage function at different grind media size 
Table 6.1 - Range of values for the breakage function parameters 
Ore Φ ϒ β 
Cu-Au  0.21 - 0.91 37.58-37.65 0.18-1.10 
Limestone 0.60-0.90 37.43-37.17 0.30-0.60 
Cu – Au Ore 
50% Solids - SE 10.53 kWh/t  
70% Solids - SE 6.34 kWh/t 
Grinding Media - 20 mm 
Stirrer Tip Speed - 2 m/s  
 
Limestone 
50% Solids - SE 10.08 kWh/t  
70% Solids - SE 6.30 kWh/t 
Grinding Media - 20 mm 
Stirrer Tip Speed - 2 m/s  
 
Cu – Au Ore 
15 mm - SE 9.77 kWh/t 
27 mm - SE 12.69 kWh/t 
Slurry % Solids - 50% 
Stirrer Tip Speed - 2.5 m/s 
 
Limestone 
15 mm - SE 9.32 kWh/t 
27 mm - SE 11.45 kWh/t 
Slurry % Solids - 50% 
Stirrer Tip Speed - 2.5 m/s 
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The range of values for the simulated breakage function parameters in Equation 3.9 is shown in 
Table 6.1 where ϒ values do not vary much with the change in process conditions for both ores. In 
summary, both ore specific and simulated breakage function indicated that attrition is the dominant 
mode of breakage in the gravity induced mill. Also, the parameters range for simulated breakage 
function was identified during the fitting process.      
6.2.4 Selection Function at Different Operating Conditions  
Many researchers modelling stirred mills have used a straight line to represent its selection function 
such as Menacho and Reyes (1989), Tuzun (1993), Yue and Klein (2005) and Mazzinghy et al. 
(2014).  The high ratio of the grinding media to feed particle size enables the mill to break the top 
particle size in most of the cases; however, this phenomenon depends on the types of materials 
being ground in the mill. Hence, stirred mills exhibit straight line for the selection function in most 
of the cases. This has enabled fitting of only A and θ in Equation 3.6 to describe the selection 
function of the batch gravity induced stirred mill. The developed selection function depends on the 
type of breakage function used in fitting the particle size distribution; hence, different selection 
functions were developed for simulated and ore specific breakage functions.   
Cu-Au ore and limestone showed different selection functions at the same operating condition as 
shown in Figure 6.8, where limestone has a higher selectivity for breakage compared to Cu-Au ore 
and the difference between the selectivity of the ores changed with the increase in particle size. 
  
Figure 6.8 - Particles selection function for Cu-Au ore and limestone 
Particle selection function changed with the change in process conditions, and certain conditions 
favored higher selectivity for breakage compared to others. Figure 6.9 shows the effect of mill tip 
speed and Figure 6.10 shows the effect of slurry solids concentration on the section function, where 
it is found that higher mill tip speed and lower solids concentration favored particle breakage in the 
Grinding media - 20mm 
Tip speed - 2.5 m/s  
% Solids - 60% 
 
 
Grinding media - 20mm 
Tip speed -  2.5 m/s  
% Solids -  60% 
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mill. As specific energy increased in the mill at the higher mill tip speed and lower solids 
concentration, it generated higher selectivity for breakage.    
 
  
Figure 6.9 – Selection function at different tip speed for simulated and ore specific breakage function 
  
  
Figure 6.10 – Selection function at different solids concentration for simulated and ore specific breakage function 
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The effect of grinding media size over particle selection function is shown in Figure 6.11, where 
smaller media size was found to be more favorable for breaking the particles. However, this 
phenomenon was not significant for Cu-Au due to its higher hardness. Mazzinghy et al. (2015b) 
also had the similar result while grinding iron ore in a pilot Vertimill. In the batch gravity induced 
stirred mill, though a greater number of breakage sites are available when using the smaller grinding 
media, they don’t necessarily result in breakage as smaller grinding media could not generate the 
minimum threshold energy to initiate breakage. This phenomenon mostly depends on the ore 
hardness and size. This has led to higher particle selectivity for breakage for limestone compared to 
Cu-Au ore.   
 
  
Figure 6.11 – Selection function at different grinding media size for Simulated and ore specific breakage function 
Ranges of values for ‘A’ and ‘θ’ is shown in Table 6.2 where ‘A’ value changes with the change in 
process conditions and θ remain constant for a specific ore.  
Table 6.2 - Range of values for the selection function parameters related to batch gravity induced stirred mill 
Ore 
A  
(Simulated Breakage 
Function) 
A 
(Ore Specific Breakage Function) 
θ 
Cu-Au  3.85 - 20.50 5.74-12.88 1.433 
Limestone 11.56 - 45.68 13.64 – 30.80 1.580 
% Solids = 50% 
Stirrer Tip Speed = 2.5 m/s 
 
 
% Solids = 50% 
Stirrer Tip Speed = 2.5 m/s 
 
 
% Solids = 50% 
Stirrer Tip Speed = 2.5 m/s 
 
 
% Solids = 50% 
Stirrer Tip Speed = 2.5 m/s 
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As ‘A’ value changes with the change in process conditions, empirical models to describe ‘A’ in 
different operating conditions for Cu-Au ore and limestone are shown in Equations 6.1 and 6.2 
respectively. As shown in Table 6.2 , A values were different for ore specific and simulated 
breakage function. Hence, there would different model for “A” related to two different breakage 
function for any specific ore. However, ‘A’ related to ore specific breakage function were only used 
to develop the models. This is due to the fact that only ore specific breakage function and selection 
function model related to that ore specific breakage function was used for the model simulation 
section in Chapter 7.  
A (Cu-Au ) = 3.43 (Media Size)-0.21 (Stirrer Tip Speed) 1.08  (SE) 0.28   (6.1) 
A (Limestone)  = 51.88 (Media Size)-0.88  (Stirrer Tip Speed) 1.02 (SE) 0.42   (6.2) 
The standard error and confidence level (95%) for the Equation 6.1 is 0.015 and 0.031 and for the 
Equation 6.2 is 0.05 and 0.11 respectively. The accuracy of the models is shown in Figure 6.12 
where a reasonable agreement is observed between the measured and predicted values. This model 
structure has the capability to predict the entire product size distribution of an industrial gravity 
induced stirred mill operation particularly for these two materials, once A is multiplied by the scale-
up factor between the batch scale and industrial scale mill.  
  
Figure 6.12 - Observed and predicted ‘A’ value for the batch gravity induced stirred mill 
6.3   Parameterization for a Continuous Gravity Induced Stirred Mill (Vertimill)  
A lead regrind Vertimill survey dataset (Wood, 2002) was used to evaluate the model efficiency in 
predicting an industrial Vertimill product size distribution. The survey was conducted by varying 
the mill power, feed size distribution, feed rate, and slurry solids concentration. Hence, the data 
provided an excellent opportunity to test model predictive capacity at different operating conditions. 
Three survey data was chosen out of seven surveys dataset where grinding media composition 
R2 = 0.77 
Cu-Au Ore Limestone 
R2 = 0.73 
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remained constant. The lead regrind Vertimill (VTM- 800 -WB) was installed at the Cannington 
Mine operation located in northwest Queensland. The mill was operated in the lead regrind circuit 
to prepare -20 µm cleaner stage feed. The circuit arrangement is shown in Figure 6.13 and the 
survey mass balanced data used for model parameterization (named as Base Case) is shown in 
Table 6.3. Recirculating load for the circuit was calculated as 300%, and the mill reduction ratio for 
the P80 sizes was 1.5. The mill was run with a mix of 4-8 mm Millpebs (22 tons) and 12 mm 
Cylpebs (38 tons).  
 
Figure 6.13 – Lead regrind circuit flowsheet and sampling points (Wood, 2002) 
Table 6.3 – Continuous regrind Vertimill survey data (Base Case Data) used in model fitting 
Size Circuit Feed  Circuit Product Mill Feed Mill Product 
200.0 100.00 100.00 100.00 100.00 
150.0 99.24 99.99 99.35 99.60 
106.0 96.28 99.98 97.52 98.76 
90.0 93.76 99.97 96.03 98.11 
75.0 90.96 99.95 94.16 97.17 
63.0 87.66 99.91 91.70 95.80 
53.0 85.00 99.88 89.30 94.28 
45.0 81.97 99.78 86.17 92.12 
38.0 80.73 99.75 84.87 91.22 
18.5 70.72 98.34 68.28 77.49 
13.0 63.63 95.07 50.87 61.35 
9.6 53.85 84.76 27.33 37.34 
6.8 43.25 67.56 15.22 23.33 
5.3 35.84 54.24 11.91 18.05 
Solid (t/h) 27.71 27.71 83.29 83.29 
% Solids 36.57 26.18 70.18 70.18 
P80 (µm) 35.94 8.646 30.15 20.72 
Solids SG 5 Circulation Load (%) 300 
Power (kW) 565 
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Model fitting was carried out by using the fitting algorithm shown in Figure 3.11. Austin’s model 
was used to develop the simulated breakage function, as there was no sample available to develop 
the ore specific breakage function of the ore. Simulations were carried out by considering the two 
cases: Cbypass = 0 and Cbypass = 0.35. In the former case, the entire mill was considered as a single 
grinding device, and internal classification was not considered while fitting the data. In the later 
one, the Vertimill internal classification was included in the data fitting process and classification 
parameters (d50C and α) were estimated from the empirical models described in Section 5.3. Cbypass = 
0.35 (or Water bypass = 0.65) was found from the classification experiments that indicates that 
large portion of the particles in the gravity induced mill bypasses the by the internal classification 
process. However, the bypass value is still significant enough as understood from the classification 
test work to be considered in the modelling approach. In both cases, breakage function and selection 
function were developed for the mill to be used for simulation. Also due to the fine feed (F80 = 
30.15 µm), a linear selection function with size was applied. Hence, only ‘A’ and ‘θ’ of the 
selection function mentioned in Equation 3.7 were fitted. 
For Cbypass = 0, the fitted parameter values for the selection and breakage function are shown in 
Table 6.4 and their graphical representation is shown in Figure 6.14. The breakage function 
describes similar trends for attrition breakage as shown in Figure 6.3. The goodness of fit for the 
Base Case data is shown in Figure 6.15. The fitted selection and breakage function value was used 
to predict product size distribution at different operating conditions.  
Table 6.4 – Fitting parameters for continuous Vertimill when the internal classification was not considered. 
Selection Function Breakage Function 
A θ Φ ϒ β 
8.73 1.397 0.38 37.58 0.16 
 
  
Figure 6.14 – (a) Selection; (b) Breakage function developed from the regrind Vertimill data fitting when the 
internal classification was not considered. 
a b 
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Figure 6.15 –Goodness of fit for the regrind Vertimill when the internal classification was not considered. 
When internal classification was incorporated in the fitting process, classification parameters 
corrected cut size (d50C), sharpness of cut (α) and water bypass value (Cbypass) were calculated to 
describe the mill internal classification characteristics. With mill solids feed rate of 83.29 tph and 
70.18% solids slurry, the slurry flow velocity was calculated as 0.00139 m/s by dividing volumetric 
slurry flow rate by the mill cross sectional area. After that, the corrected cut size (d50C) and 
sharpness of the (α) was calculated through Equation 5.6 and 5.7 at the flow velocity of 0.00139 
m/s and 70.18% solids slurry concentration. In addition, an average Cbypass value of 0.35 was used in 
the fitting process for the internal classifier operation considering all the Cbypass value calculated in 
the internal classifier test work as shown in Table 5.3. By using d50C, α and Cbypass values, the 
classifier efficiency plot for the Base Case condition is shown Figure 6.16 (b). Once the classifier 
efficiency plot was determined, the fitted parameter values for the selection and breakage functions 
were determined following the model structure shown in Section 3.6. The fitted values for the 
selection and breakage function are shown in Table 6.5, and the corresponding selection function 
plot is shown in Figure 6.16 (a) and the goodness of fit is shown in Figure 6.17.  
Table 6.5 – Fitting parameters for the continuous Vertimill when the internal classification was considered. 
Selection Function Breakage Function 
A θ Φ ϒ β 
6.67 1.397 0.38 37.58 0.16 
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Figure 6.16 – (a) Selection Function (b) internal classifier efficiency plot for the regrind Vertimill when the 
internal classification was considered 
 
Figure 6.17 – Goodness of the fit for the regrind Vertimill when the internal classification was considered 
It should be noted that, The breakage function parameter ϒ shows a very high value of around 
37.58 as shown in Table 6.4 due to fact that Excel solver tried to minimize the error to its lowest 
possible value. By doing so, the ϒ came-up with a very high value. It was found that with the ϒ 
value of 5.5, the fitting was still very good and does not affect mill predictive capability. So, instead 
of using 37.58, a ϒ value 5.5 could also be used in the fitting and simulation process.  
The developed breakage function parameters are different from the parameters range shown by 
(Mazzinghy et al., 2015a) due to the fact that the authors developed those parameters by using a 
laboratory ball mill. The particle size distribution of a ball mill discharge and a Vertimill discharge 
are different and this might affect the developed parameters. Ball mill breakage is mostly impact 
breakage whereas Vertimill shows attrition breakage as discussed in Section 6.2.3. Hence, the 
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developed breakage parameters shown in Table 6.2 are in line with the findings from the grinding 
test work which exhibits attrition breakage in the gravity induced stirred mill.    
6.4  Summary of the Chapter 
The fitting of the sizing data generated from the batch gravity induced stirred mill test work showed 
the types of breakage as well as the breakage and selection functions under different experimental 
conditions. The ore specific breakage function developed by Palaniandy (2014) was tested as well. 
The fitting of the sizing data for a continuous Vertimill in the regrind stage was carried out 
considering the mill as a black box. Later, the internal classification was incorporated in the fitting, 
and parameters were calculated accordingly.     
Model fitting of the batch test work showed that attrition is the predominant mode of breakage for 
the gravity induced stirred mill. The model can be fitted either by simulated or ore specific breakage 
functions and both show a good fit. The selection function in the gravity induced stirred mill 
changes with the process conditions and a model has been developed to model its response. The 
selection function also shows that limestone has higher selectivity of particle breakage at the same 
energy input compared to the harder Cu-Au ore.  
Model fitting for the continuous Vertimill identified parameters for selection and breakage 
functions where the latter showed a bimodal size distribution. Furthermore, the parameter values 
developed from industrial and batch test work show a consistency that demonstrates the capability 
of the model to predict mill performance efficiently. 
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    Model Simulation 
The model parameters developed from the batch gravity induced stirred mill test work, and the 
continuous Vertimill survey data were used to simulate product size distribution of the mill. 
 For the continuous mill operation, the simulation exercise was conducted by varying the feed rate, 
feed size distribution, power and slurry solids concentration. The internal classification model was 
applied to the continuous mill operation to identify the contribution of the grinding zone and 
internal classification zone in the Vertimill grinding process. The simulation results were then 
compared with the measured data to assess model accuracy.  
Breakage parameters for the batch gravity induced stirred mill were combined with internal 
classification model parameters to demonstrate the further capability of the model. The simulation 
was carried out by changing grinding media size and mill feed rate to identify their influence on the 
mill performance.      
7.1   Introduction 
Fitted parameters from the continuous regrind Vertimill were used in simulating new conditions. 
The product size for the regrind Vertimill was predicted by varying feed size distribution, mill 
power, feed rate and slurry solids concentration. The predicted size was then compared with the 
measured sizing data to identify the effectiveness of the model. Besides, a methodology has been 
shown to apply the grinding and classification model developed from the laboratory test work in 
simulating continuous gravity induced stirred mill operation. The simulation was carried out by 
varying grinding media size and mill feed rate. The chapter presents the results of these simulation 
exercises.         
7.2   Simulating a Continuous Vertimill Operation 
The fitted parameters presented in Section 6.3 were used to simulate Case 1 and Case 2 of the 
regrind Vertimill. Operating conditions for the Case 1 and 2 are summarized in Table 7.1, and 
associated feed size distribution is shown in Figure 7.1 where a coarser feed was found for Case 1 
and Case 2 compared to the Base Case.  
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Table 7.1 – Change in operating conditions from Base Case to the Case 1 and 2 
Survey 
Conditions 
Solids Feed Rate  
(tph) 
% Solids 
(w/w) 
Mill Power 
(kW) 
F80 (µm) 
Base Case 83.3 70.2 565 30.2 
Case 1 95.5 67.8 580 32.1 
Case 2 44.2 69.4 570 47.3 
 
 
Figure 7.1 – Feed size distribution for the Base Case, Case 1 and Case 2 for model simulation 
Simulating Case 1 and Case 2 by considering the mill as a black box is shown in Figure 7.2 and 
Figure 7.3 respectively. The model shows good agreement between the measured and predicted 
product size and the P80 and SSE (Σ(Actual product size distribution – Predicted product size 
distribution)2  values for the three cases are shown in Table 7.2 
Table 7.2 – P80 and SSE for Base Case, Case 1 and Case 2 when the internal classification was not considered in 
simulation  
Data Base Case Case 1 Case 2 
P80, Measured 20.7 19.2 19.1 
P80, Model Predicted 21.3 22.8 21.8 
SSE 5.52 28.0 24.0 
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Figure 7.2 – Simulated product size for Case 1 without considering the internal classification 
 
Figure 7.3 – Simulated product size for Case 2 without considering the internal classification 
The reasonable agreement between the measured and predicted product size for  Case 1 and 2 
demonstrated that the model structure described in Chapter 3 can successfully predict a production 
scale gravity induced stirred product size responding to changes in mill feed rate, mill power, % 
solids and feed size distribution. 
Simulation of the Case 1 and 2 was carried out by keeping the breakage function the same; 
however, as discussed in the Section 6.2.3 that breakage function changes with the change in 
specific energy to the particles. Specific energy for the Case 1 was 6.07 kWh/t and Case 2 was 
12.89 kWh/t, but the simulation was carried using the same breakage function developed from the 
Base Case at 6.79 kWh/t specific energy. Hence, it affected the simulation result and developed the 
deviation between the measured and predicted value both for Case 1 and Case 2. For simulating the 
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mill product size, it is always advisable to use an ore specific breakage function if available, as the 
ore specific breakage function changes with the change in applied energy. Use of the simulated 
breakage function is only advisable when there is no sample or equipment available to develop the 
ore specific breakage function.  
The internal classification model was applied to all the cases to predict the grinding zone product 
size distribution along with mill product size. As there was no measured data for the internal 
grinding zone product, the model predictive capability was used to compare the internal classifier 
product size (or the model predicted product size) to the measured mill product size for Case 1 and 
2. This enabled testing of the classification model predictive capability. For internal classification, 
the corrected cut size (d50C) and the sharpness of the cut (α) were predicted for Case 1 and Case 2 
by using the slurry flow velocity and solids concentration data for the respective cases. Once again, 
water bypass (Cbypass) value was kept constant at 0.35 as determined from the experimental test 
work. Classifier efficiency plots (Eoa = C matrix value as per equation 3.10) for the three cases are 
shown in Figure 7.4 where it is found that Case 2 had better classification efficiency compared to 
Base Case and Case 1. However overall, it can be seen that internal classification is not strong in the 
Vertimill at higher flowrate and solid density and for this fine feed size of 30µm. In addition, an 
improved classification effect was observed at a lower flow rate to the mill. 
 
Figure 7.4 – Particle internal classifier efficiency to overflow (Eoa) plot for Base Case, Case 1 and Case 2  
Model prediction for Case 1 and Case 2 using developed parameters through the Base Case is 
shown in Figure 7.5 and Figure 7.6, where the gap between the grinding zone product and mill 
product increases with the decrease in the flow rate to the mill. However, these changes look 
nominal but its effect in fine grinding application is worth to be considered. The predicted product 
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size for Case 1 and Case 2 shows a reasonable fit to the measured value and the related P80 sizes and 
SSE related to the three cases is shown in Table 7.3.  
 
Figure 7.5 – Simulated mill product and grinding zone size distribution for Case 1 by considering the internal 
classification 
 
Figure 7.6 – Simulated mill product and grinding zone size distribution for Case 2 by considering the internal 
classification 
Table 7.3 – P80 and SSE for Base Case, Case 1 and Case 2 when the internal classification was considered in 
simulation  
Data Base Case Case 1 Case 2 
Product P80, Measured 20.7 19.2 19.1 
Product P80, Model Predicted 21.3 22.7 22.3 
Grinding zone P80, Model Predicted 24.0 24.9 25.5 
SSE 5.54 25.63 38.80 
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Base Case and Case1 showed a similar gap between the mill product and grinding zone particle size 
distribution as they had a similar slurry flow velocity of 0.00139 m/s and 0.00169 m/s respectively 
in the internal classification zone. However, a smaller increase in flow velocity reduced the 
classification effect in the mill for the Case 1. For the Case 2, the flow velocity was calculated as 
0.00074 m/s, reducing to almost half of the flow velocity compared to the Base Case condition. 
Hence, the difference between mill product and grinding size distribution became wider. This 
implies that classification effect is significant when slurry flow velocity in the mill is reduced.  
The model simulation showed good agreement between the predicted and measured value with or 
without considering the internal classification effect in the modelling approach. In this case the 
weak internal classification effect due to the fine mill feed size (30µm) and low feed flowrate did 
not strongly favour the use of the internal classification function, but this is predicted to be more 
critical in coarser feed applications. The prediction outcomes indicate that the developed 
classification model has the predictive capability and can be utilized to simulate the gravity induced 
stirred mill grinding zone and product particle size distribution.  
7.3   Simulating Laboratory Test Results 
The result developed in batch mill grinding test work was used to demonstrate additional predictive 
capabilities of the model. Furthermore, the internal classification model had been included on the 
top of the batch mill model. The simulation was carried out by considering a continuous Vertimill 
(VTM 1500) operation and the related operating conditions are shown in Table 7.4.  
Table 7.4 – Continuous Vertimill operating conditions for simulating the laboratory test work results 
Type 
Mill 
Power  
(kW) 
Solids Feed Rate  
(tph) 
% Solids 
(w/w) 
Media Size 
(mm) 
Tip Speed 
(m/s) 
VTM 1500 1023 kW 175.0 70.0 18.0 3.0 
 The Cu-Au ore feed used in the batch mill test work was chosen for the simulation work. The ore 
specific breakage function (bij) for Cu-Au ore was developed at the mill specific energy of 5.85 
kWh/t. The ‘A’ value was estimated as 9.98 by using the model mention in Equation 6.1, and the ϴ 
value for the Cu-Au was set as 1.433 (see Table 6.2) to identify the mill selection function (Si). The 
developed selection and breakage function are shown in Figure 7.7. At the solids feed rate of 175 
tph and 70% solids slurry, the slurry flow velocity was calculated as 0.00286 m/s by dividing 
volumetric slurry flow rate by the mill cross sectional area. After that, the internal classification 
model parameters i.e. corrected cut size (d50C) and sharpness of the cut (α) were calculated by using 
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Equation 5.6 and 5.7 at the flow velocity of 0.00286 m/s, 70% solids slurry and solids SG of 2.75. 
The model predicted d50C and α and the fixed water bypass (Cbypass) value of 0.35 were used to 
calculate the classifier efficiency plot (Eoa) as shown in Figure 7.8. The residence time for the 
simulation is determined by following Equation 3.3. The determined selection and breakage 
functions, classifier efficiency plot and particle residence time were used to simulated size 
distribution for the grinding zone and mill product as shown in Figure 7.9.  The P80 for the grinding 
zone product is 108.6 µm and mill product is 95 µm.   
  
Figure 7.7 – Selection and breakage function for simulating laboratory result 
 
Figure 7.8 – Classifier efficiency plot for simulating grinding media size effect 
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Figure 7.9 – Grinding and internal classification zone product size distribution for simulating laboratory test 
work   
The effect of grinding media size was analysed in the mill, and Figure 7.10 shows the selection 
function at different grinding media sizes. Figure 7.11 shows the grinding zone and mill product 
particle size distribution where a finer particle size distribution was found for the smaller grinding 
media. P80 sizes simulated by the different grinding media are shown in Table 7.5. 
 
Figure 7.10 – Mill selection function with the change in grinding media size   
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Figure 7.11 – Grinding zone and mill product size distribution for different grinding media size   
Table 7.5 – P80 sizes for the mill product and grinding zone at different grinding media size 
Media Size 
Grinding Zone P80  
(µm) 
Internal Classification Zone 
P80 
 (µm) 
A ϴ 
12 103.9 91.4 10.89 1.43 
18 108.6 95.2 9.98 1.43 
25 113.0 98.4 9.30 1.43 
The effect of the specific energy over the mill product size distribution was tested by varying the 
mill feed rate. Other operating conditions were kept constant in this simulation exercise. The ore 
specific breakage function was calculated accordingly for each simulation case towards the change 
in specific energy. Also, the selection function and internal classifier efficiency were changing with 
mill feed rate. Figure 7.12 shows the selection function, and Figure 7.13 shows the classifier 
efficiency plot for different mill feed rate. Figure 7.14 shows that finer particle size distribution was 
obtained when the mill solid feed rate reduced. Lowering the solids feed rate increases particle 
residence time and particle selectivity for breakage. Besides, mill internal classification 
performance improves when mill feed rate reduced.  This contributes to developing a finer particle 
size both from grinding zone and mill product stream. P80 sizes for simulated product size 
developed by different solid feed rate are shown in Table 7.6. 
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Figure 7.12 – Mill selection function with the change in the mill feed rate (specific energy) 
   
Figure 7.13 – Change in the classifier efficiency plot at different mill feed rate (specific energy)  
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Figure 7.14 – Grinding and internal classification zone simulated PSD at different solids feed rate   
Table 7.6 – P80 sizes for the mill product and grinding zone at different mill feed rate 
Solids Feed Rate 
(tph) 
Grinding Zone P80  
(µm) 
Mill Product P80 
(µm) 
150 97.4 84.4 
175 108.6 95.2 
200 120.8 103.4 
250 143.7 127.4 
7.4   Summary of the Chapter 
The aim of this chapter is to demonstrate the use of mill breakage and classification parameters 
developed from the laboratory test into the production scale mill. In future, a relationship between 
the industrial scale mill and the batch mill can be develop in order to apply this methodology to 
predict the product size distribution (for production scale) without data fitting.  
The simulation was carried out by using the parameters developed from the batch mill test work and 
continuous mill survey data. Mill simulation for the continuous Vertimill engaged in the regrinding 
stage was carried out by varying mill feed rate, % solids concentration, mill power and feed size 
distribution. The simulated product size distribution showed good agreement with the measured 
product size. The internal classification model developed in the laboratory test work was also 
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applied to predict the product size of the mill. The predicted product size was slightly finer than 
measured; however, the simulated result can still be accepted. The result also identified that internal 
classification effect in the regrind mill increases when the mill feed rate decreases. The simulation 
work was also carried out by combining the breakage model and internal classification model 
developed from the laboratory test work to identify the grinding media size and mill feed rate effect 
on particle breakage and classification inside the gravity induced stirred mill. The result illustrated a 
finer product size distribution with the decrease in grinding media size and mill feed rate.  
The chapter shows how industrial data was used to simulate product size distribution in different 
operating conditions. The chapter also describes a methodology of how to use the model developed 
from laboratory test work to identify the effect of grinding media size and mill feed rate over the 
mill product size. Hence, the capability of the model signifies its usefulness to optimize the gravity 
induced stirred mill operation for particle grinding. However, the model needs to be further tested 
with large quality data from industry to signify its robustness.                
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    Conclusions and Recommendations 
This chapter provides an overall summary of the thesis, compiling findings presented in the 
previous chapters. Conclusions and comments regarding the strength and limitations of the model, 
the batch gravity induced stirred mill test work, and the internal classification test work have been 
presented. Potential applications of the research findings are suggested, and recommendations for 
further research are also discussed.  
8.1  Conclusions  
The overall objective of this thesis is to develop a process model for the gravity induced stirred mill 
that has the capability to simulate mill discharge particle size distribution with changes in process 
conditions. The motivation underlying this research work was that the gravity induced mill is 
operating in the regrind, tertiary and secondary stages of the mineral processing circuit to grind 
particles below 100μm in an energy efficient way. However, detailed modelling of stirred milling 
technology is still limited relative to its wide application within the mining industry, and more in-
depth knowledge is required to integrate it appropriately in a mineral processing circuit. Therefore, 
understanding how the mill behaves in different operating conditions and how to model its size 
reduction process will improve the energy efficiency and product quality of the mill. Better 
understanding of the gravity induced mill sub-processes will lead to a robust model that can be 
utilized to assess and simulate its performance. A comprehensive literature review has been 
conducted to evaluate existing knowledge about this study. Based on the research hypothesis 
addressed in Section 1.1, the conclusions drawn from the research work are summarized is the 
following paragraphs.  
A process model was developed and shown in Chapter 3 following the first hypothesis. The model 
was based on the time based population balance model structure and was adapted for the gravity 
induced stirred mill. Mill content and particles average residence time was calculated by using the 
mill power data. The space between the top of the grinding media and mill discharge launder was 
found to facilitate internal classification within the mill. Hence, the model structure was redefined 
to measure the particle classification effect inside the mill. The model was developed in Microsoft 
Excel platform with an option to utilize, simulated breakage function or ore specific breakage 
function developed from laboratory test work. The developed model is capable of handling both 
batch and continuous gravity induced stirred mills. The model revealed the necessity of conducting 
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grinding and classification test work to identify the breakage and classification mechanism of the 
gravity induced stirred mill for a green-fields project. For an existing operation, the model should 
find its application to optimize a gravity induced stirred mill size reduction process in varying mill 
feed rate, mill power, slurry solids concentration and feed size distribution. The model validation 
was carried out by using the data obtained through an industrial regrinding mill survey. The 
Parameterization methodology was shown in Section 6.3 (partly), and validation was shown in 
Section 7.1 (partly). Model Parameterization showed the selection and breakage parameters values 
related to gravity induced mill operation and validation showed that the model is successful in 
predicting product size distribution with the changes in mill feed rate, power, feed size distribution 
and slurry solids concentration. 
The second hypothesis was tested by the work describe in Section 4.2, 5.2, 6.2 and 7.2 (partly). 
Comprehensive grinding test work was carried out to prove the hypothesis. The test work was 
carried out in a batch mill with 3 kW motor. Softer limestone and harder Cu-Au ore were used to 
conduct the test work by varying grinding media size, slurry solids concentration and mill tip speed. 
A methodology was developed to conduct the test, calibrate and record the data and calculate model 
parameters.  The test work product particle size showed that smaller grinding media size, higher 
stirrer tip speed, and specific energy were favourable to generate finer particle size distribution of 
mill product. Moreover, the results showed that attrition is the predominant mode of breakage in the 
gravity induced stirred mill and particle selection function changes with the change in process 
conditions and ore properties. The results also demonstrated the validation of energy-based ore 
specific breakage function developed by Palaniandy (2014) in fitting a gravity induced stirred mill 
product size as shown in Section 6.2.2. The batch mill test work was used to formulate a model 
structure where mill selection function was a function of specific energy, stirrer tip speed and 
grinding media size. The model predictive capability was shown in Section 7.2, where the mill 
selection function model was used to simulate mill grinding zone product size distribution. The 
simulation recorded a finer product size distribution for smaller grinding media size and lower 
slurry flow rate. The simulation work also demonstrated a methodology of using laboratory data in 
simulating product size distribution without data fitting. 
The third hypothesis was accomplished in Section 4.3, 5.3, 6.3 (partly), 7.1 (partly) and 7.2 (partly). 
Experimental test work was carried out by developing a test device to mimic the internal 
classification process inside the gravity induced stirred mill to prove the hypothesis. The test work 
was conducted in a continuous mode, and industrial silica was used to carry out the test work by 
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varying flow velocity and slurry solids concentration. Classification corrected cut size (d50C), and 
sharpness of the cut (α) were developed for each test condition and empirical models were 
developed to predict their responses to different slurry flow velocity and solids concentration. The 
results showed that particle classification was more evident when slurry is dilute and flow rate is 
low. The developed model can be utilized in conjunction with the breakage model to predict particle 
size distribution for the grinding zone and mill product. The model validation showed that the 
capability of the internal classification model in predicting grinding zone and mill discharge particle 
size distribution as shown in Section 7.2 (partly). The results highlighted an improved internal 
classification effect for a continuous mill operation at lower flow velocity. To demonstrate a further 
capability of the classification model, the breakage and classification model developed from 
laboratory test work were combined, and simulation was carried out by varying grinding media size 
and mill feed rate to demonstrate the additional capability of the model. The result showed that 
gravity induced stirred mill classification zone produces finer product size at low flow velocity as 
well as for the finer feed received from the grinding zone.  
 
8.2  Recommendations 
No previous process models have been available to the industry for optimizing a gravity induced 
stirred mill operation using industry survey data. Also, there is no model available where both the 
gravity induced stirred mill breakage and internal classification are modelled simultaneously. In this 
sense, the developed model is useful for describing a batch or continuous mill size reduction 
process. Besides, better insight about the gravity induced stirred mill grinding process has been 
demonstrated by analyzing data developed from batch mill test work. The model has proven to be 
robust enough to describe the gravity induced stirred mill product size with the change in process 
conditions. The model also shows the capability to be used both for batch and production scale mill 
operation. The developed model can be applied to optimize a continuous Vertimill process using 
survey data. Moreover, the model shows the capability to be used for further research purposes. 
However, the test work and developed model require some further development as discuss below. 
There was no industrial data available for validating the model developed from batch test work. The 
developed selection function model from the batch mill test work needs a scale-up factor to be used 
for the industrial mill application. The scale-up factor can be developed by comparing the data 
gathered from the batch and industrial mill test work. For the scale-up work, the selection function 
for the batch and industrial mill should be casted as fractional rate per unit of energy input (kWh/t) 
form and then the comparison between these two mill will provide the scale up factor.  
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The effect of slurry viscosity needs to be identified related to the gravity induced stirred mill 
operation in the future test work. This should be done by conducting test work with very high 
percent solids and higher fines content in the feed particles. Moreover, detailed test work should be 
carried out with a very fine feed (F80 < 75µm) to assess the effect of finer feed on the gravity induced 
stirred mill operation. Furthermore, different types of ore need to be tested in the laboratory test 
work to generate more data to recalibrate the developed model.  
The classification test work was carried out using only industrial silica with a wider feed size 
distribution. In order to strengthen the understanding of the internal classifier behaviour, test work 
should be carried out with different types of ore using both fine and coarse feed. The developed 
models for the internal classifier are a function of slurry velocity and solids concentration only. The 
effect of slurry viscosity and classifier height also needs to be addressed in the model. In addition to 
that, more test work needs to be carried out at a lower slurry flow velocity to strengthen the model. 
The Cbypass is set as 0.35 in the model, but the bypass value also changes with the change in process 
condition. Hence, a Cbypass model should also need to be developed with the change in process 
conditions.    
Model validation work needs to be broadened by using data collected from continuous mill 
operation engaged in secondary, regrind and tertiary grinding stage grinding. When a large number 
of the industrial data sets is available, the model structure could be used to calculate selection 
function parameters for a range of conditions. This would allow the development of the empirical 
relationship to relate the calculated model parameters to the operating conditions and ore properties   
 143 
 
List of References 
ALLEN, J. Stirred Milling machine development and application extension.  Qubec Mines, 2013 
Qubec, Canada. 
ALTUN, O., BENZER, H. & ENDERLE, U. 2013. Effects of operating parameters on the 
efficiency of dry stirred milling. Minerals Engineering, 43-44, 58-66. 
ASLAN, N. & CEBECI, Y. 2007. Application of Box–Behnken design and response surface 
methodology for modeling of some Turkish coals. Fuel, 86, 90-97. 
AUSTIN, L. G. 1992. Some topics for research on fine grinding. IFPRI Annual Meeting. Harrogate. 
AUSTIN, L. G., KIMPLE, R. R. & LUCKIE, P. T. 1984. Process Engineering of Size Reduction: 
Ball Milling, New York, American Institute of Mining, Metallurgical and Petroleum 
Engineers, Inc. 61-136, 409-436. 
BAZIN, C. & B-CHAPLEAU, C. 2005. The difficulty associated with measuring slurry rheological 
properties and linking them to grinding mill performance. International Journal of Mineral 
Processing, 76, 93-99. 
BECKER, M., KWADE, A. & SCHWEDES, J. 2001. Stress intensity in stirred media mills and its 
effect on specific energy requirements. Mineras Processing, 61, 189-208. 
BEINERT, S., FRAGNIÈRE, G., SCHILDE, C. & KWADE, A. 2015. Analysis and modelling of 
bead contacts in wet-operating stirred media and planetary ball mills with CFD–DEM 
simulationsOriginal Research Article Chemical Engineering Science, 134, 648-662. 
BUENO, M. D. P. 2013. Development of a Multi-Component Model Structure for Autogenous and 
Semi-Autogenous Mills. PhD, The University of Queensland. 
BURFORD, B. D. & CLARK, L. W. 2007. IsaMillTM technology used in efficient grinding circuits. 
VIII International Conference on Non-Ferrous Ore Processing. Poland. 
CAYIRLI, S., SERKAN, H. & UCBAS, Y. Wet Grinding of Sodium Feldspar in a Stirred Ball 
Mill.  13th International Mineral Processing Symposium, 2012 Bodrum, Turkey., 83-90. 
CELEP, O., ASLAN, N., ALP, İ. & TAŞDEMIR, G. 2011. Optimization of some parameters of 
stirred mill for ultra-fine grinding of refractory Au/Ag ores. Powder Technology, 208, 121-
127. 
CHARLES, R. J. 1957. Energy Size Reduction Relationship in Comminution. AIME Transactions, 
208, 80-88. 
 144 
 
DAVEY, G. Fine Grinding Applications Using the Metso Vertimill(R) Grinding Mill And The 
Metso Stirred Media Detritor (SMD) in Gold Processing.  38th Annual Meeting of the 
Canadian Mineral Processors, 2006 Ontario, Canada. 251-261. 
DING, Z., YIN, Z., LIU, L. & CHEN, Q. 2007. Effect of grinding parameters on the rheology of 
pyrite–heptane slurry in a laboratory stirred media mill. Minerals Engineering, 20, 701-709. 
DUFFY, M. S. 1994. Investigation into the performance characteristics of Tower Mills. MPhil, 
University of Queensland. 
EKSI, D., HAKAN BENZER, A., SARGIN, A. & GENC, O. 2011. A new method for 
determination of fine particle breakage. Minerals Engineering, 24, 216-220. 
EPSTEIN, B. 1948. Logarithmico-Normal Distribution in Breakage of Solids. Industrial and 
Engineering Chemistry, 40, 2289-91. 
FADHEL, H. B. & FRANCES, C. 2001. Wet batch grinding of alumina hydrate in a stirred bead 
mill. Powder Technology, 119, 257-268. 
FARBER, B. Y., DURANT, B. & BEDESI, N. 2011. Effect of media size and mechanical 
properties on milling efficiency and media consumption. Minerals Engineering, 24, 367-
372. 
GAO, M. & FROSSBERG, E. 1995. Prediction of product size distributions for a stirred ball mill. 
Powder Technology, 84, 101 -106. 
GAO, M. W. & FROSSBERG, E. 1993. A study on the effect of parameters in stirred ball milling. 
International Journal of Mineral Processing, 37, 45-59. 
GLENCORE. 2015. McArthur River Mining [Online]. Queenslnd, Australia: Glencore McArthur 
River Mining. Available: 
http://www.mcarthurrivermine.com.au/EN/ABOUTUS/Pages/Processing.aspx. 
GUILLANEAU, J.-C., OLOFSSON, O., DURANCE, M.-V. & VILLENEUVE, J. Modelling of the 
Sala Agitated Mill (SAM) using BRGM Pilot Plant Data.  APCOM XXV, 9-14 July, 1995 
1995 Brisbane, Australia. 325-331. 
GUPTA, A. & YAN, D. S. 2006. Mineral Processing Design and Operation 100 AE Amsterdam, 
The Netherlands, Elsevier, 166. 
HE, M. & FORSSBERG, E. 2007. Influence of slurry rheology on stirred media milling of 
quartzite. International Journal of Mineral Processing, 84, 240-251. 
HE, M., WANG, Y. & FORSSBERG, E. 2004. Slurry rheology in wet ultrafine grinding of 
industrial minerals: a review. Powder Technology, 147, 94-112. 
HE, M., WANG, Y. & FORSSBERG, E. 2006. Parameter effects on wet ultrafine grinding of 
limestone through slurry rheology in a stirred media mill. Powder Technology, 161, 10-21. 
 145 
 
HERBST , J. A. Fundamentals of fine and ultrafine grinding in a stirred ball mill.  The International 
Powder and Bulk Solids Handling, 1978 Chicago, Illinois. Industrial and Scientific 
Conference Management, 452-470. 
HERBST , J. A. & FUERSTENAU, D. W. 1980. SCALE-UP PROCEDURE FOR CONTINUOUS 
GRINDING MILL DESIGN USING POPULATION BALANCE MODELS. International 
Journal of Mineral Processing, 7, 1-31. 
HERBST , J. A., LO, Y. C. & RAJMANI, R. K. 1985. Population balance model predictions of the 
performance of large diameter mills. Minerals and Metallurgical Processing, pp. 114. 
HOGG, R. 1999. Breakage mechanisms and mill performance in ultrafine grinding. Powder 
Technology, 105, 135-140. 
JANKOVIC, A. 1999. Mathematical Modelling of Stirred Mill. PhD, The University of 
Queensland, Australia. 
JANKOVIC, A. 2001. MEDIA STRESS INTENSITY ANALYSIS FOR VERTICAL STIRRED 
MILLS. Minerals Engineering, 14, 1177-1186. 
JANKOVIC, A. 2003. Variables affecting the fine grinding of minerals using stirred mills. Minerals 
Engineering, 16, 337-345. 
JANKOVIC, A., VALERY, W., LA ROSA, D. & 2006. FINE GRINDING IN THE 
AUSTRALIAN MINING INDUSTRY. Metso Minerals Processing Technology Australia 
and Asia-Pacific. Available: 
http://www.metso.com/miningandconstruction/mct_service.nsf/WebWID/WTB-120106-
22576-A45AE/$File/043.pdf. 
JKTECH. 2011. JKTech Laboratory Services - Bond Ball Mill Index Test (BBMWI), Sustainable 
Mineral Institute [Online]. Indooroopilly, QLD, Australia: JKTech [Accessed July 01 2015, 
Available : 
http://www.jktech.com.au/sites/default/files/brochures/LabServices_BondBallMill.pdf]. 
KELLY, E. G. & SPOTTISWOOD, D. J. 1982. Introduction to Mineral Processing  United Sates 
of America, Jhon Wiley & Sons. 117-206. 
KING, R. P. 2001. Modeling and Simulation of Mineral Processing Systems, Oxford OX28DP, 
Butterworth-Heinemann. 
KWADE, A. 1999 a. Wet comminution in stirred media mills - research and its practical 
application. Power Technology, 105, 14-20. 
KWADE, A. 1999 b. Determination of the most important grinding mechanism in stirred media 
mills by calculating stress intensity and stress number. Powder Technology, 105, 382-388. 
 146 
 
KWADE, A. 2006. Specific Energy Consumption, Stress Energy, and Power Draw of Stirred Media 
Mills and Their Effect on the Production Rate. In: KAWATRA, S. (ed.) Advances in 
Comminution. Littleton, Colorado, USA 80127: Society of Mining, Metallurgy and 
Exploration, Inc (SME), 99-114. 
KWADE, A., BLECHER, L. & SCHWEDES, J. 1996. Motion and stress intensity of grinding 
beads in a stirred media mill. Part 2: Stress intensity and its effect on comminution. Powder 
Technology, 86, 69-76. 
KWADE, A. & SCHWEDES, J. 2002. Breaking characteristics of different materials and their 
effect on stress intensity and stress number in stirred media mills. Powder Technology, 122, 
109-121. 
LEHTO, H., PAZ, A., ROITTO, I. & ASTHOLM, M. 2013. Outotec HIGmills; A Fine Grinding 
Technology. 23rd Mining Congress and Exhibition of Turkey. ANTALYA. 
LEUNG, K. 1987. An energy based, ore specific model for autogenous and semi-autogenous 
grinding mills. PhD, The University of Queensland  
LEVIN, J. 1989. Observations on the Bond standard grindability test, and a proposal for a standard 
grindability test for fine materials. Journal of the South African Institute of Mining and 
Metallurgy, 89, 13-21. 
LICHTER, J. & DAVEY, G. 2006. Selection and Sizing of Ultrafine and Stirred Grinding Mills. In: 
KAWATRA, S. (ed.) Advances in Comminution. Littleton, Colorado, USA 80127: Society 
of Mining, Metallurgy and Exploration, Inc (SME), 69-86. 
MANKOSA, M. J., ADEL, G. T. & YOON, R. H. 1986. Effect of Media Size in Stirred Ball Mill 
Grinding of Coal. Powder Technology, 49, 75-82. 
MANKOSA, M. J., ADEL, G. T. & YOON, R. H. 1989. Effect of Operating Parameters in Stirred 
Ball Mill Grinding of Coal. Powder Technology, 59, 255-260. 
MANNHEIM, V. 2011. Empirical and scale-up modeling in stirred ball mills. Chemical 
Engineering Research and Design, 89, 405-409. 
MAZZINGHY, D., ALVES, V., SCHNEIDER, C., FARIA, P., ALVARENGA, T. & GALERY, R. 
2012. Predicting the size distribution in the product and the power requirements of a pilot 
scale vertimill. Procemin 2012, 9th International Mineral Processing Conference. Santiago, 
Chile. 
MAZZINGHY, D. B., GALÉRY, R., SCHNEIDER, C. L. & ALVES, V. K. 2014. Scale up and 
simulation of Vertimill™ pilot test operated with copper ore. Journal of Materials Research 
and Technology, 3, 86-89. 
 147 
 
MAZZINGHY, D. B. & RUSSO, J. F. C. 2014. Vertimill™ pilot scale tests simulated by perfect 
mixing model. Journal of Materials Research and Technology, 3, 217-221. 
MAZZINGHY, D. B., SCHNEIDER, C. L., ALVES, V. K. & GALÉRY, R. 2015a. Vertical 
Agitated Media Mill scale-up and simulation. Minerals Engineering, 73, 69-76. 
MAZZINGHY, D. B., SCHNEIDER, C. L., ALVES, V. K. & GALÉRY, R. 2015b. Vertical mill 
simulation applied to iron ores. Journal of Materials Research and Technology, 4, 186-190. 
MENACHO, J. M. & REYES, J. M. EVALUATION OF THE TOWER MILL AS REGRIND 
MACHINE.  21st Canadian Mineral Processors Operators Conference, Jan 17 - 19 1989 
Ottawa, Ontario. 124-145. 
METSO-MINERALS 2013. Stirred milling - VERTIMILL grinding mill. YORK, PA: Metso 
Minerals Industries, Inc. 
MOLLS, H. H. & HORNEL, R. 1972. DECHEMA – Monography 69 TI 2. Pp. 631-661. 
MORRELL, S. 1989. Simulations of bauxite grinding in a semi-autogenous mill and DSM screen 
circuit. MPhil, The University of Queensland  
MORRELL, S., STERNS, U. J. & WELLER, K. R. The Application of Population Balance Models 
to Very Fine Grinding in Tower Mills.  XIVIII International Mineral Processing Congress, 
23-28 May 1993 Sydney, Australia. 61-66. 
MUCSI, G. 2008. Fast test method for the determination of the grindability of fine materials. 
Chemical Engineering Research and Design, 86, 395-400. 
NAPIER-MUNN, T. J., MORRELL, S., MORRISON, R. D. & KOJOVIC, T. 1996. Mineral 
Comminution Circuits, Their Operation and Optimization, Indooroopilly, Queensland 4068, 
Australia, JKMRC, University of Queensland. 
NTSELE, C. & ALLEN, J. Technology Selection of Stirred Mills for Energy Efficiency in Primary 
and Regrinding Applications for the Platinum Industry.  The Southern African Institute of 
Mining and Metallurgy - Platinum 2012, 2012 South Africa. 781-808. 
OHENOJA, K., ILLIKAINEN, M. & NIINIMÄKI, J. 2013. Effect of operational parameters and 
stress energies on the particle size distribution of TiO2 pigment in stirred media milling. 
Powder Technology, 234, 91-96. 
PALANIANDY, S. 2014. RE: JKMRC Internal Report. 
PALANIANDY, S. 2015. Impact of mechanochemical effect on chalcopyrite leaching. 
International Journal of Mineral Processing, 136, 56-65. 
PALANIANDY, S., POWELL, M., HILDEN, M., ALLEN, J., KERMANSHAHI, K., OATS, B. & 
LOLLBACK, M. 2015. VertiMill® – Preparing the feed within floatable regime at lower 
specific energy. Minerals Engineering, 73, 44-52. 
 148 
 
PASCOE, D. R. 2009. Comminution - Size Reduction B. Grinding. Falmouth, UK: Camborne 
School of Mines. 
PATEL, C. M., MURTHY, Z. V. P. & CHAKRABORTY, M. 2012. Effects of operating 
parameters on the production of barium sulfate nanoparticles in stirred media mill. Journal 
of Industrial and Engineering Chemistry, 18, 1450-1457. 
PEASE, J. D., YOUNG, M. F. & CURRY, D. C. Fine Grinding as Enabling Technology - The 
IsaMill.  In: Proc. VIth Annual Conf. "Crushing and Grinding 2005", 2005 Perth, Australia. 
1-20. 
RAHAL, D., ERASMUS, D. & MAJOR, K. Knelson-Deswik Milling Technology: Bridging the 
Gap between Low and High Speed Stirred Mills.  43rd Annual Meeting of the Canadian 
Mineral Processor, 2011 Ontario, Canada. 557-587. 
REID, K. J. 1965. A Solution to the Batch Grinding equation. Chemical Engineering Science, 20, 
953-963. 
SHI, F. & KOJOVIC, T. 2007. Validation of a model for impact breakage incorporating particle 
size effect. International Journal of Mineral Processing, 82, 156-163. 
SHI, F., MORRISON, R., CERVELLIN, A., BURNS, F. & MUSA, F. 2009. Comparison of energy 
efficiency between ball mills and stirred mills in coarse grinding. Minerals Engineering, 22, 
673-680. 
SHI, F. & XIE, W. 2015. A specific energy-based size reduction model for batch grinding ball mill. 
Minerals Engineering, 70, 130-140. 
STANLEY, G. G. 1974. Mechanisms in the autogenous mill and their mathematical representation. 
Journal of the South African Institute of Mining and Metallurgy, 77-99. 
STEHR, N., MEHTA, R. K. & HERBST, J. A. 1987. Comparison of Energy Requirements for 
Conventional and Stirred Ball Milling of Coal-Water Slurries. Coal Preparation, 4, 209-
226. 
STENDER, H. H., KWADE, A. & SCHWEDES, J. 2004. Stress energy distribution in different 
stirred media mill geometries. International Journal of Mineral Processing, 74, S103-S117. 
TORAMAN, O. Y. & KATıRCıOGLU, D. 2011. A study on the effect of process parameters in 
stirred ball mill. Advanced Powder Technology, 22, 26-30. 
TRIPATHY, S. K., BHOJA, S. K., RAGHU KUMAR, C. & SURESH, N. 2015. A short review on 
hydraulic classification and its development in mineral industry. Powder Technology, 270, 
205-220. 
TUZUN, M. A. 1993. A STUDY OF COMMINUTION IN A VERTICAL STIRRED BALL MILL. 
PhD, University of Natal. 
 149 
 
VALERY, W. & JANKOVIC, A. The Future of Comminution.  34th IOC on Mining and 
Metallurgy, 30 Sept – 03 Oct 2002 Bor Lake, Yugoslavia. 287-295. 
WHITEN, W. 1974. A matrix theory of comminutions machines. Chemical Engineering Science, 2, 
589-99. 
WILLS, B. A. & NAPIER-MUNN, T. J. 2006. Mineral Processing Technology - An Introduction to 
the Practical Aspect of Ore Treatment and Mineral Recovery, Elsevier Science and 
Technology Books. 
WOOD, K.-A. 2002. Lead Regrind Trials 2002. Cannington Mine, Australia. 
XSTRATA-TECHNOLOGY. 2009. General Procedure for IsaMill Signature Plot. 
YUE, J. & KLEIN, B. 2004. Influence of rheology on the performance of horizontal stirred mills. 
Minerals Engineering, 17, 1169-1177. 
YUE, J. & KLEIN, B. 2005. Particle breakage kinetics in horizontal stirred mills. Minerals 
Engineering, 18, 325-331. 
YUE , J. & KLEIN , B. 2006. Effect of Bead Size on Ultrafine Grinding in a Stirred Bead Mill. In: 
KAWATRA, S. (ed.) Advances in Comminution. Littleton, Colorado, USA 80127: Society 
of Mining, Metallurgy and Exploration, Inc (SME). 
ZHENG, J., HARRIS, C. C. & SOMASUNDARAN, P. 1996. A study on grinding and energy input 
in stirred media mills Powder Technology, 86, 171-178. 
ZUO, W., ZHAO, Y., HE, Y., SHI, F. & DUAN, C. 2012. Relationship between coal size reduction 
and energy input in Hardgrove mill. International Journal of Mining Science and 
Technology, 22, 121-124. 
 
 
 
 
 
 
 
 
 
 150 
 
Appendices 
This section provided step by step procedure for developing the model. This appendices also 
illustrate the data developed from the laboratory test work.   
The appendices for this thesis are divided into four sections. The first section shows how to develop 
the model structure. This includes: 
 Input interfaces of the model breakage part 
 Input interface for the model classification part 
 Model calculation interface 
 Calculation Matrixes 
 Model output interfaces 
The second section shows the grinding test experimental conditions and related particle sizing data 
for each experimental runs both for Cu-Au ore and limestone. The section also shows selection 
function parameter “A” developed through fitting the size distribution of each experimental run. 
The third section shows the classification test experimental conditions and related particle sizing for 
each experimental runs. The section also shows the data related to the experimental device stability 
measuring test work. Along with that, the calculation for generating partition graph for each 
experimental run has also been included in this section. 
The fourth section describes the detail operating and particle sizing of the Case 1 and Case 2 used in 
the model simulation part in chapter 7. 
SECTION 1: 
The section shows step by step procedure of how to calculate particle size distribution for the 
grinding zone and mill product following time based population balance model. This section 
describe every matrix by using the model as shown in Chapter 3 and uses the data as shown in 
Section 6.3.   
 
 
 
 151 
 
1.1 Input Interfaces of the Model Breakage Part  
For a continuous mill operation, the input interface takes feed size distribution for the circuit feed, circuit 
product, mill feed and mill product size distribution, mill slurry % solids (w/w), types of the mill and mill 
power data. From there, it calculates average residence time (s), mill content (ton/ kg)  and specific energy 
(kWh/t) to be applied to the model structure. 
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1.2 Input Interface for the Model Classification Part 
To calculate internal classification effect in the mill, classification water bypass (Cbypass) value of 
0.35 needs to put in the model. The model calculates d50C and α based on the input data in section 1 
following classification model shown in Equation 5.6 and 5.7. d50C, α and Cbypass calculates 
classifier efficiency of overflow matrix (Eoa,i) which is incorporated in the model calculation.  
 
 
 
 
Mill Type
Mill Diameter 3.68 meter
Area 10.62 meter2
SG
Mill Slurry Feed Rate 
(m3/hr)
Flow Vel
(m/s)
% Solids 
(m/m)
% Solids 
(v/v)
(D50) model
(µm)
α
53.084 0.001 70.180 32.005 247.104 0.023
VTM 800
5
Experimental Model
d50C C α
247.104 0.35 0.023
d x αx Eoa
200 0.809 0.01856 0.1936
150 0.607 0.01392 0.2182
106 0.429 0.00983 0.2454
90 0.364 0.00835 0.2571
75 0.304 0.00696 0.2690
63 0.255 0.00585 0.2794
53 0.214 0.00492 0.2886
45 0.182 0.00418 0.2965
38 0.154 0.00353 0.3037
19 0.075 0.00172 0.3259
13 0.053 0.00121 0.3327
10 0.039 0.00089 0.3370
7 0.028 0.00063 0.3407
5 0.021 0.00049 0.3427
3 0.012 0.00028 0.3458
Internal Classifier
bypass 
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1.3 Model Calculation Interface 
In the model calculation interface, an initial value for the selection function and breakage function 
needs to incorporate in the model calculation part. The breakage function can also be determined 
from the test work. Rest of the value model can calculate automatically and shown as follows.   
 
 
 
SI
 N
o
Si
ze (i)
Se
le
ct
io
n 
Fu
nc
tio
n 
(S
ij)
Fe
ed
 w
ei
gh
t
(w
i) 
O
rig
in
al
 P
ro
du
ct
 
W
ei
gh
t
Br
ea
kg
e 
Pr
od
uc
t
Cl
as
si
fie
r P
ro
du
ct
SS
Q
1
20
0
0.
69
1
0.
00
0.
00
0.
00
0.
00
0.
00
0
2
15
0
0.
46
6
0.
06
0.
04
0.
01
0.
01
0.
07
3
3
10
6
0.
28
9
0.
17
0.
08
0.
06
0.
05
0.
29
7
4
90
0.
23
0
0.
14
0.
06
0.
07
0.
06
0.
29
4
5
75
0.
17
8
0.
18
0.
09
0.
10
0.
09
0.
32
4
6
63
0.
14
0
0.
23
0.
13
0.
15
0.
13
0.
35
6
7
53
0.
11
0
0.
23
0.
14
0.
16
0.
15
0.
32
4
8
45
0.
08
7
0.
30
0.
20
0.
22
0.
20
0.
36
6
9
38
0.
06
9
0.
12
0.
08
0.
18
0.
18
0.
13
8
10
19
0.
02
5
1.
57
1.
30
1.
40
1.
33
0.
50
7
11
13
0.
01
5
1.
64
1.
52
1.
60
1.
57
1.
41
3
12
10
0.
01
0
2.
22
2.
27
2.
19
2.
16
0.
00
7
13
7
0.
00
6
1.
14
1.
32
1.
19
1.
20
1.
40
6
14
5
0.
00
4
0.
31
0.
50
0.
54
0.
63
0.
04
6
15
3
0.
00
2
#N
/A
#N
/A
#N
/A
8.
31
7.
74
7.
90
7.
76
5.
54
9
µm
31
.2
5
21
.2
9
24
.0
7
22
.0
6
14
1
τ o
r t
0
0
6.
67
A
ϴ
μ
^
Φ
ϒ
β
6.
67
1.
40
10
00
.0
0
2.
51
0.
30
36
.8
1
0.
33
α C
C
d5
0C
8.
49
15
55
13
0.
35
14
7.
76
86
68
2
Cu
t o
ff
 S
SE 15
A
α
μ
^
Φ
ϒ
SS
E
Lo
gi
c
1
α
μ
^
Φ
ϒ
SS
E
0.
5
0.
5
50
2.
51
3
0.
1
0.
1
11
7.
58
16
26
6
0.
75
50
0
2.
51
3
0.
48
0.
35
8.
13
01
77
0.
5
0.
5
60
2.
51
3
0.
1
0.
35
10
9.
13
18
77
1
0.
75
63
0
2.
51
3
0.
57
5
1.
1
12
.2
65
41
P8
0
Si
m
ul
at
e
Sp
ec
ifi
c E
ne
rg
y 
Va
lu
e
Su
m
 
Br
ea
kg
e 
Fu
nc
tio
n 
(b
ij)
 T
yp
e 
(D
ro
p 
Do
w
n)
Sa
m
pl
e 
Sc
re
en
 S
iz
e
Ca
lc
ul
at
e 
Si
ze
010203040506070809010
0
1
10
10
0
10
00
Cumulative % Passing
Pa
rt
icl
e 
Si
ze
 (µ
m
)
M
ill
 F
ee
d
M
ill
 P
ro
du
ct
 (M
ea
su
re
d)
Gr
in
di
ng
 Z
on
e 
(S
im
ul
at
ed
)
M
ill
 P
ro
du
ct
 (S
im
ul
at
ed
)
Si
m
ul
at
e 
Si
Si
m
ul
at
e 
Si 
&
Bi
j
0.
00
1
0.
010.
11
1
10
10
0
10
00
Si (min-1)
Si
ze
  (
µm
)
Er
ro
r 
An
al
ys
is
0.
0
0.
1
0.
1
0.
2
0.
2
0.
3
0.
3
0.
4
0.
4
0.
5
0
50
10
0
15
0
20
0
25
0
Si
ze
 (µ
m
)
 154 
 
1.4 Matrix 1: Breakage Function Matrix 
This matrix can be developed using Austin model or through breakage test work (tn format).  
 
1.5 Matrix 2: Selection Function Matrix 
This matrix calculated by following Austin model. For most of the case, A and ϴ value in the selection 
function is sufficient to describe this matrix for mos of the cases.   
 
i Opening
1 200 0
2 150 0.375281 0
3 106 0.03325 0.335029 0
4 90 0.034968 0.039992 0.339525322 0
5 75 0.031504 0.035382 0.037731973 0.337641 0
6 63 0.02947 0.033097 0.034957927 0.03764 0.337279 0
7 53 0.026374 0.029619 0.031283905 0.03325 0.035758 0.335029 0
8 45 0.025778 0.02895 0.030577234 0.032499 0.03445 0.037218 0.336368 0
9 38 0.094811 0.106477 0.112463047 0.11953 0.126702 0.134239 0.142375 0.448438 0
10 18.5 0.038774 0.043546 0.045993467 0.048883 0.051817 0.054899 0.057985 0.061356 0.376455 0
11 13 0.029855 0.033529 0.035413745 0.037639 0.039898 0.04227 0.044647 0.047242 0.060093 0.36602 0
12 9.6 0.030475 0.034225 0.036149416 0.038421 0.040726 0.043149 0.045574 0.048224 0.061341 0.069023 0.374789 0
13 6.8 0.019938 0.022391 0.02364978 0.025136 0.026644 0.028229 0.029816 0.031549 0.040131 0.045154 0.04997 0.354453 0
14 5.3 0.039758 0.04465 0.047159794 0.050123 0.053131 0.056291 0.059455 0.062912 0.080024 0.09004 0.099643 0.111847 0.419939 0
15 3 0.189764 0.213114 0.22509439 0.239238 0.253594 0.268676 0.28378 0.300279 0.381956 0.429763 0.475598 0.5337 0.580061 1 0
Partial Brekage Funtion
Size
(i)
Selection Function 
(Sij)
200 0.691
150 0.466
106 0.289
90 0.230
75 0.178
63 0.140
53 0.110
45 0.087
38 0.069
19 0.025
13 0.015
10 0.010
7 0.006
5 0.004
3 0.002
 155 
 
 
1.6 Matrix 3: Feed Matrix 
The feed matrix is calculated by multiplying feed size distribution (% wet retained format) to the 
mill content (wi)  
 
     
 
 
 
 
 
 
 
 
 
 
0.6911
0.4664
0.2885
0.2298
0.1783
0.1398
0.1098
0.0874
0.0690
0.0252
0.0154
0.0101
0.0062
0.0044
0.0020
Selection Function Matrix
Size
(i)
Feed weight
(wi) 
200 0.00
150 0.06
106 0.17
90 0.14
75 0.18
63 0.23
53 0.23
45 0.30
38 0.12
19 1.57
13 1.64
10 2.22
7 1.14
5 0.31
3 #N/A
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 1.7 Matrix 4: Residence Time Matrix 
Residence time matrix is calculated by using selection function matrix and average residence time 
data calculated from mill power. 
 
1.8 Matrix 5: Transfer Matrix 
Transfer matrix is calculated by using Equation 3.2 where both selection and breakage function 
matrix are utilized to develop it.  
 
 
 
 
 
 
 
 
 
0.1783331 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0.24332702 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0.34204121 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0.39490963 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0.45691298 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0.51758467 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0.5772734 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0.63182758 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0.68486474 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0.8559425 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0.90679029 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0.93695435 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0.96010192 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0.97150195 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.98693103
Residence Time Matrix
0.691 0 0 0 0 0 0 0 0 0 0 0 0 0 0
-0.798 0.466 0 0 0 0 0 0 0 0 0 0 0 0 0
0.270 -0.410 0.289 0 0 0 0 0 0 0 0 0 0 0 0
-0.061 0.133 -0.481 0.230 0 0 0 0 0 0 0 0 0 0 0
0.000 -0.047 0.310 -0.346 0.178 0 0 0 0 0 0 0 0 0 0
-0.007 -0.004 -0.117 0.209 -0.279 0.140 0 0 0 0 0 0 0 0 0
-0.006 -0.009 0.026 -0.078 0.174 -0.219 0.110 0 0 0 0 0 0 0 0
-0.005 -0.008 -0.006 0.015 -0.067 0.140 -0.181 0.087 0 0 0 0 0 0 0
-0.020 -0.030 -0.005 -0.011 0.010 -0.066 0.132 -0.186 0.069 0 0 0 0 0 0
-0.007 -0.009 -0.001 -0.001 -0.003 0.011 -0.037 0.070 -0.041 0.025 0 0 0 0 0
-0.006 -0.008 -0.001 -0.002 -0.001 -0.001 0.000 -0.003 0.002 -0.024 0.015 0 0 0 0
-0.006 -0.008 -0.001 -0.002 -0.001 -0.001 -0.003 0.004 -0.004 0.006 -0.017 0.010 0 0 0
-0.004 -0.005 -0.001 -0.001 -0.001 0.000 -0.002 0.002 -0.002 -0.002 0.005 -0.009 0.006 0 0
-0.007 -0.011 -0.002 -0.002 -0.002 -0.001 -0.003 0.005 -0.004 -0.001 -0.002 -0.004 -0.007 0.004 0
-0.035 -0.050 -0.008 -0.011 -0.008 -0.003 -0.016 0.021 -0.020 -0.005 -0.003 0.000 0.002 -0.008 0.002
T Matrix
Calculate the Size
Simulate 
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1.9 Matrix 6: Inverse Transfer Matrix 
Transfer matrix is calculated by using Equation 3.2 where both selection and breakage function 
matrix are utilized to develop it.  
 
1.10 Matrix 7: Multiplier Matrix 
Multiplier matrix is the product by multiplying T, residence time and T-1 matrixes. 
 
1.11 Matrix 8: Classification Matrix 
Classification matrix is developed by using efficiency of the overflow (Eoa) data of the as developed in 
the input section of the model.  
 
1.447 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2.475 2.144 0 0 0 0 0 0 0 0 0 0 0 0 0
2.159 3.044 3.466 0 0 0 0 0 0 0 0 0 0 0 0
3.479 5.138 7.261 4.351 0 0 0 0 0 0 0 0 0 0 0
3.646 5.238 8.058 8.445 5.609 0 0 0 0 0 0 0 0 0 0
4.022 5.369 8.102 10.322 11.178 7.153 0 0 0 0 0 0 0 0 0
4.465 5.493 7.690 10.240 13.351 14.232 9.105 0 0 0 0 0 0 0 0
5.425 6.257 8.036 10.326 13.991 17.978 18.842 11.442 0 0 0 0 0 0 0
11.688 12.816 15.092 17.763 22.254 28.286 33.510 30.890 14.489 0 0 0 0 0 0
10.768 11.032 11.503 11.913 12.570 13.589 15.297 18.244 23.513 39.614 0 0 0 0 0
19.463 19.738 20.219 20.612 21.225 22.163 23.812 27.094 34.583 60.990 64.861 0 0 0 0
33.709 34.011 34.535 34.946 35.567 36.478 38.032 41.133 48.622 76.962 107.517 99.083 0 0 0
45.043 45.288 45.708 46.027 46.499 47.161 48.235 50.300 55.319 75.260 107.014 148.706 160.436 0 0
142.691 143.474 144.822 145.859 147.398 149.577 153.127 159.895 175.898 237.913 313.684 351.196 271.929 227.282 0
810.136 812.470 816.479 819.529 824.016 830.241 840.059 858.002 898.909 1057.842 1227.879 1244.208 902.635 917.792 503.480
T -1 Matrix
0.178 0 0 0 0 0 0 0 0 0 0 0 0 0
0.075 0.243 0 0 0 0 0 0 0 0 0 0 0 0
0.036 0.087 0.342 0 0 0 0 0 0 0 0 0 0 0
0.024 0.034 0.088 0.395 0 0 0 0 0 0 0 0 0 0
0.023 0.023 0.032 0.093 0.457 0 0 0 0 0 0 0 0 0
0.023 0.022 0.021 0.031 0.095 0.518 0 0 0 0 0 0 0 0
0.023 0.021 0.019 0.020 0.028 0.093 0.577 0 0 0 0 0 0 0
0.024 0.023 0.020 0.019 0.018 0.026 0.090 0.632 0 0 0 0 0 0
0.089 0.082 0.072 0.067 0.061 0.056 0.057 0.113 0.685 0 0 0 0 0
0.057 0.053 0.046 0.043 0.039 0.035 0.032 0.036 0.102 0.856 0 0 0 0
0.041 0.038 0.033 0.031 0.028 0.025 0.023 0.021 0.023 0.048 0.907 0 0 0
0.042 0.039 0.034 0.032 0.029 0.026 0.023 0.021 0.020 0.011 0.033 0.937 0 0
0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.014 0.013 0.007 0.005 0.021 0.960 0
0.064 0.059 0.053 0.050 0.046 0.042 0.039 0.036 0.037 0.030 0.032 0.028 0.014 0.97150
Multiplier (TζT-1)
0.1936 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0.218 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0.245 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0.257 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0.269 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0.279 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0.289 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0.297 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0.304 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0.326 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0.333 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0.337 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0.341 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0.343 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.346
Classification (C)  Matrix
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1.12 Matrix 9: (I-C) Matrix 
(I-C) matrix is the subtruction of the identity matrix to classification matrix.  
 
1.13 Matrix 10: (I-C)*(TτT-1) Matrix 
(I-C)*(TτT-1) matrix is developed by multiplying (I-C) to the multiplier matrix. 
 
1.14 Matrix 11: C*(TτT-1) Matrix 
C*(TτT-1) matrix is developed by multiplying C to the multiplier matrix. 
 
 
 
0.806 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0.782 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0.755 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0.743 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0.731 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0.721 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0.711 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0.703 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0.696 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0.674 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0.667 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0.663 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0.659 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0.657 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.654
I-C
0.144 0 0 0 0 0 0 0 0 0 0 0 0 0
0.059 0.190 0 0 0 0 0 0 0 0 0 0 0 0
0.027 0.065 0.258 0 0 0 0 0 0 0 0 0 0 0
0.018 0.025 0.066 0.293 0 0 0 0 0 0 0 0 0 0
0.016 0.017 0.024 0.068 0.334 0 0 0 0 0 0 0 0 0
0.017 0.016 0.015 0.022 0.068 0.373 0 0 0 0 0 0 0 0
0.017 0.015 0.014 0.014 0.020 0.066 0.411 0 0 0 0 0 0 0
0.017 0.016 0.014 0.013 0.013 0.018 0.063 0.444 0 0 0 0 0 0
0.062 0.057 0.050 0.046 0.042 0.039 0.040 0.079 0.477 0 0 0 0 0
0.039 0.036 0.031 0.029 0.026 0.024 0.022 0.024 0.068 0.577 0 0 0 0
0.028 0.025 0.022 0.021 0.019 0.017 0.015 0.014 0.015 0.032 0.605 0 0 0
0.028 0.026 0.023 0.021 0.019 0.017 0.015 0.014 0.013 0.007 0.022 0.621 0 0
0.019 0.017 0.015 0.014 0.013 0.012 0.010 0.009 0.009 0.004 0.003 0.014 0.633 0
0.042 0.039 0.035 0.033 0.030 0.028 0.026 0.024 0.024 0.020 0.021 0.018 0.009 0.639
(I-C)*(TζT-1)
0.035 0 0 0 0 0 0 0 0 0 0 0 0 0
0.016 0.053 0 0 0 0 0 0 0 0 0 0 0 0
0.009 0.021 0.084 0 0 0 0 0 0 0 0 0 0 0
0.006 0.009 0.023 0.102 0 0 0 0 0 0 0 0 0 0
0.006 0.006 0.009 0.025 0.123 0 0 0 0 0 0 0 0 0
0.006 0.006 0.006 0.009 0.026 0.145 0 0 0 0 0 0 0 0
0.007 0.006 0.006 0.006 0.008 0.027 0.167 0 0 0 0 0 0 0
0.007 0.007 0.006 0.006 0.005 0.008 0.027 0.187 0 0 0 0 0 0
0.027 0.025 0.022 0.020 0.018 0.017 0.017 0.034 0.208 0 0 0 0 0
0.019 0.017 0.015 0.014 0.013 0.011 0.011 0.012 0.033 0.279 0 0 0 0
0.014 0.013 0.011 0.010 0.009 0.008 0.008 0.007 0.008 0.016 0.302 0 0 0
0.014 0.013 0.012 0.011 0.010 0.009 0.008 0.007 0.007 0.004 0.011 0.316 0 0
0.010 0.009 0.008 0.007 0.007 0.006 0.005 0.005 0.005 0.002 0.002 0.007 0.327 0
0.022 0.020 0.018 0.017 0.016 0.014 0.013 0.012 0.013 0.010 0.011 0.009 0.005 0.333
C*(TζT-1)
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1.15 Matrix 12:  (I - C*(TτT-1)) Matrix 
(I - C*(TτT-1)) matrix is developed by deducting C*(TτT-1) from the identity matrix 
 
1.16 Matrix 13: (I - C*(TτT-1))-1 Matrix 
(I - C*(TτT-1))-1 matrix is developed by inversing (I - C*(TτT-1)) Matrix 
 
1.17 Matrix 14 : (I-C)*(TτT-1) * (I - C*(TτT-1))-1 Matrix 
(I-C)*(TτT-1) * (I - C*(TτT-1))-1 matrix is developed by multiplying matrix 10 and matrix 13 
 
 
 
0.965 0 0 0 0 0 0 0 0 0 0 0 0 0 0
-0.016 0.947 0 0 0 0 0 0 0 0 0 0 0 0 0
-0.009 -0.021 0.916 0 0 0 0 0 0 0 0 0 0 0 0
-0.006 -0.009 -0.023 0.898 0 0 0 0 0 0 0 0 0 0 0
-0.006 -0.006 -0.009 -0.025 0.877 0 0 0 0 0 0 0 0 0 0
-0.006 -0.006 -0.006 -0.009 -0.026 0.855 0 0 0 0 0 0 0 0 0
-0.007 -0.006 -0.006 -0.006 -0.008 -0.027 0.833 0 0 0 0 0 0 0 0
-0.007 -0.007 -0.006 -0.006 -0.005 -0.008 -0.027 0.813 0 0 0 0 0 0 0
-0.027 -0.025 -0.022 -0.020 -0.018 -0.017 -0.017 -0.034 0.792 0 0 0 0 0 0
-0.019 -0.017 -0.015 -0.014 -0.013 -0.011 -0.011 -0.012 -0.033 0.721 0 0 0 0 0
-0.014 -0.013 -0.011 -0.010 -0.009 -0.008 -0.008 -0.007 -0.008 -0.016 0.698 0 0 0 0
-0.014 -0.013 -0.012 -0.011 -0.010 -0.009 -0.008 -0.007 -0.007 -0.004 -0.011 0.684 0 0 0
-0.010 -0.009 -0.008 -0.007 -0.007 -0.006 -0.005 -0.005 -0.005 -0.002 -0.002 -0.007 0.673 0 0
-0.022 -0.020 -0.018 -0.017 -0.016 -0.014 -0.013 -0.012 -0.013 -0.010 -0.011 -0.009 -0.005 0.667 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
(I-C*(TζT-1))
1.03577 0.0 0 0 0 0 0 0 0 0 0 0 0 0 0
0.01791 1.05606 0 0 0 0 0 0 0 0 0 0 0 0 0
0.01043 0.02453 1.09163 0 0 0 0 0 0 0 0 0 0 0 0
0.00765 0.01099 0.02755 1.11298 0 0 0 0 0 0 0 0 0 0 0
0.00761 0.00808 0.01157 0.03186 1.14014 0 0 0 0 0 0 0 0 0 0
0.00836 0.00806 0.00820 0.01231 0.03530 1.16905 0 0 0 0 0 0 0 0 0
0.00892 0.00843 0.00778 0.00824 0.01232 0.03778 1.19994 0 0 0 0 0 0 0 0
0.00994 0.00935 0.00847 0.00814 0.00835 0.01227 0.03933 1.23053 0 0 0 0 0 0 0
0.03743 0.03518 0.03174 0.02994 0.02786 0.02631 0.02807 0.05336 1.26266 0 0 0 0 0 0
0.02987 0.02808 0.02533 0.02388 0.02215 0.02050 0.01940 0.02252 0.05794 1.38681 0 0 0 0 0
0.02250 0.02115 0.01908 0.01798 0.01667 0.01535 0.01405 0.01318 0.01506 0.03159 1.43200 0 0 0 0
0.02357 0.02216 0.01999 0.01884 0.01746 0.01607 0.01467 0.01345 0.01302 0.00805 0.02309 1.46156 0 0 0
0.01640 0.01541 0.01390 0.01310 0.01214 0.01118 0.01020 0.00934 0.00898 0.00490 0.00404 0.01588 1.48618 0 0
0.03757 0.03567 0.03275 0.03124 0.02944 0.02769 0.02601 0.02483 0.02536 0.02195 0.02426 0.02092 0.01042 1.49917 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
 (I-C*(TζT-1))-1
0.14895 0 0 0 0 0 0 0 0 0 0 0 0 0
0.06417 0.20091 0 0 0 0 0 0 0 0 0 0 0 0
0.03206 0.07543 0.28175 0 0 0 0 0 0 0 0 0 0 0
0.02211 0.03175 0.07963 0.32654 0 0 0 0 0 0 0 0 0 0
0.02069 0.02195 0.03144 0.08659 0.38081 0 0 0 0 0 0 0 0 0
0.02156 0.02079 0.02116 0.03176 0.09106 0.43603 0 0 0 0 0 0 0 0
0.02199 0.02077 0.01918 0.02030 0.03035 0.09310 0.49275 0 0 0 0 0 0 0
0.02358 0.02219 0.02008 0.01930 0.01981 0.02911 0.09332 0.54695 0 0 0 0 0 0
0.08580 0.08065 0.07275 0.06864 0.06387 0.06031 0.06435 0.12232 0.60209 0 0 0 0 0
0.06180 0.05810 0.05240 0.04941 0.04582 0.04241 0.04014 0.04660 0.11987 0.80022 0 0 0 0
0.04513 0.04243 0.03826 0.03607 0.03343 0.03079 0.02818 0.02645 0.03021 0.06336 0.86652 0 0 0
0.04637 0.04359 0.03931 0.03706 0.03434 0.03161 0.02884 0.02645 0.02562 0.01584 0.04542 0.90785 0 0
0.03172 0.02982 0.02690 0.02536 0.02349 0.02163 0.01973 0.01808 0.01738 0.00948 0.00781 0.03072 0.94070 0
0.07206 0.06840 0.06280 0.05991 0.05646 0.05310 0.04988 0.04762 0.04863 0.04210 0.04653 0.04012 0.01997 0.95728
(I-C)*(TζT-1)*(I-C*(TζT-1))-1
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1.18 Matrix 15 : Breakage Product Matrix 
Breakage product matrix is developed by multiplying feed matrix to the multiplier matrix (Matrix 7)
 
1.19 Matrix 16 : Classifier Product Matrix 
Classifier product matrix is developed by multiplying feed matrix to the (I-C)*(TτT-1) *(I - C*(TτT-
1))-1 matrix (Matrix 14). 
 
 
 
 
Size
(i)
Breakge Product
200 0.00
150 0.01
106 0.06
90 0.07
75 0.10
63 0.15
53 0.16
45 0.22
38 0.18
19 1.40
13 1.60
10 2.19
7 1.19
5 0.54
3
Size
(i)
Classifier Product
200 0.00
150 0.01
106 0.05
90 0.06
75 0.09
63 0.13
53 0.15
45 0.20
38 0.18
19 1.33
13 1.57
10 2.16
7 1.20
5 0.63
3
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1.20 Model Output Interface 
In the model out-put interfaces, grinding zone sizing data (cumulative % passing format) is 
calculated by using mill content (wi) and breakage product matrix and mill product sizing data 
(cumulative % passing format)  is calculated by using mill content (wi) and classifier product matrix 
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
SI No Size
1 200 0.00 0.00 0.00 100.00 0.00 0.00 0.00 100.00
2 150 0.01 0.00 0.00 99.84 0.01 0.00 0.00 99.87
3 106 0.06 0.01 0.01 99.16 0.05 0.01 0.01 99.30
4 90 0.07 0.01 0.02 98.39 0.06 0.01 0.01 98.65
5 75 0.10 0.01 0.03 97.32 0.09 0.01 0.02 97.74
6 63 0.15 0.02 0.04 95.77 0.13 0.01 0.04 96.40
7 53 0.16 0.02 0.06 94.02 0.15 0.02 0.05 94.85
8 45 0.22 0.02 0.08 91.65 0.20 0.02 0.07 92.72
9 38 0.18 0.02 0.10 89.74 0.18 0.02 0.09 90.85
10 19 1.40 0.15 0.25 74.87 1.33 0.14 0.23 76.78
11 13 1.60 0.17 0.42 57.90 1.57 0.17 0.40 60.16
12 10 2.19 0.23 0.65 34.69 2.16 0.23 0.63 37.25
13 7 1.19 0.13 0.78 22.09 1.20 0.13 0.75 24.52
14 5 0.54 0.06 0.84 16.34 0.63 0.07 0.82 17.84
15 3 0.00 0.00 0.84 #N/A 0.00 0.00 0.82 #N/A
24.07
Inter Classifier  or Mill Product (Simulated)
9.44
22.06
Grinding Zone Product (Simulated)
Sample Weight (ton or kg) 9.44
P80 (µm)
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SECTION 2: 
This section shows all the cumulative size distribution for the grinding test work along the 
experimental conditions as describe in Section 4.2 and shown as follows: 
 
 Media Size (mm) 15 15 27 27 15 15 27 27 20 20 20 20 20 20 20
% Solids (w/w) 60 60 60 60 50 70 50 70 50 70 50 70 60 60 60
Tip Speed (m/s) 1.99 3.00 2.03 3.00 2.49 2.50 2.51 2.50 2.01 2.02 2.99 3.01 2.49 2.49 2.50
Mill Power (kW) 1.52 1.74 2.02 2.31 1.59 1.63 2.07 2.22 1.72 1.78 1.97 2.02 1.89 1.87 1.90
SE (kWh/t) 7.05 8.07 9.33 10.70 9.77 5.81 12.69 7.89 10.53 6.34 12.06 7.17 8.75 8.62 8.89
Size (µm) Feed Exp.1 Exp.2 Exp.3 Exp.4 Exp.5 Exp.6 Exp.7 Exp.8 Exp.9 Exp.10 Exp.11 Exp.12 Exp.13 Exp.14 Exp.15
1180 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
850 96.2 99.0 99.8 99.8 100.0 99.7 99.4 100.0 99.9 99.9 99.8 99.9 99.9 99.9 99.9 99.9
600 89.7 96.8 99.0 98.7 99.5 98.7 97.6 99.5 99.2 99.3 98.7 99.7 99.5 99.3 99.3 99.4
400 78.2 93.5 97.6 95.8 97.9 97.0 95.0 98.0 97.2 97.6 96.5 98.9 98.4 97.7 97.6 98.0
300 70.0 86.7 93.3 89.0 92.8 92.9 89.0 92.9 91.3 92.3 90.6 96.0 94.3 92.5 92.2 93.3
212 61.2 78.7 86.7 80.6 85.0 86.5 81.3 85.5 83.4 84.5 82.4 90.3 87.4 84.7 84.3 86.0
150 53.4 69.4 77.5 71.1 75.5 77.6 71.4 76.3 73.6 74.8 72.6 81.7 77.7 74.4 74.5 76.5
106 46.4 59.3 66.5 61.1 65.0 66.4 61.3 66.2 63.3 63.6 61.4 70.7 66.3 63.7 63.5 65.5
75 40.3 49.9 55.6 51.6 55.1 55.4 51.5 56.1 53.6 53.0 51.4 59.3 55.4 53.8 53.1 55.0
53 35.2 42.9 46.9 43.9 47.0 46.5 43.7 47.7 45.6 44.4 43.4 49.8 46.8 45.9 44.7 46.5
38 30.4 35.7 38.8 36.5 39.2 38.3 36.5 39.8 37.9 36.3 36.0 40.9 38.6 38.4 37.0 38.4
25 28.1 32.0 34.8 32.7 34.8 34.0 32.9 35.7 34.0 32.3 32.3 36.3 34.5 34.8 32.9 34.3
P80 (µm) 431.8 226.5 167.0 208.4 179.4 166.6 204.0 174.9 190.5 183.1 197.1 143.1 164.6 183.6 184.6 172.9
Cu- Au Ore
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The below data shows one of the selection function parameters ‘A’ values, developed from data 
fitting for each experimental run as describe in Section 6.2 . Simulated and ore specific breakage 
functions have developed different A values, as tabulated below: 
 Media Size (mm) 15 15 27 27 15 15 27 27 20 20 20 20 20 20 20
% Solids (w/w) 60 60 60 60 50 70 50 70 50 70 50 70 60 60 60
Tip Speed (m/s) 2.02 3.00 2.02 2.99 2.51 2.50 2.50 2.51 2.01 2.03 3.01 3.00 2.49 2.50 2.51
Mill Power (kW) 1.52 1.75 1.79 2.17 1.51 1.64 1.86 2.09 1.64 1.76 1.77 1.98 1.89 1.80 1.75
SE (kWh/t) 7.10 8.15 8.34 10.10 9.32 5.89 11.45 7.49 10.08 6.30 10.88 7.09 8.47 8.37 8.14
Size (µm) Feed Exp.1 Exp.2 Exp.3 Exp.4 Exp.5 Exp.6 Exp.7 Exp.8 Exp.9 Exp.10 Exp.11 Exp.12 Exp.13 Exp.14 Exp.15
1180 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
850 98.7 99.9 99.9 99.9 99.9 99.9 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
600 83.0 98.4 99.1 98.5 99.7 99.5 99.2 99.5 99.2 99.2 98.7 99.9 99.8 99.7 99.7 99.7
400 68.6 95.9 97.9 94.5 98.3 98.6 97.6 97.5 96.6 97.5 95.6 99.5 98.9 98.6 98.8 98.6
300 54.2 89.9 92.7 87.5 92.4 96.1 92.8 90.7 88.8 92.1 88.1 97.3 94.7 94.1 94.6 94.1
212 43.0 81.4 86.3 77.3 83.4 90.7 85.3 81.8 78.9 83.8 78.3 91.7 87.0 86.3 86.8 86.0
150 31.4 69.7 76.5 64.0 71.7 81.6 73.9 70.4 66.4 72.3 65.9 82.1 75.7 75.3 75.6 74.6
106 20.6 55.0 61.6 49.6 57.4 67.4 58.9 56.9 52.6 58.3 51.5 67.8 61.2 60.9 61.2 60.2
75 12.7 42.0 48.7 37.3 44.4 51.9 45.0 44.6 40.4 44.6 38.8 52.8 47.7 46.9 47.4 46.5
53 8.3 32.3 36.4 29.3 35.1 39.6 34.5 35.3 31.6 34.2 29.9 41.1 37.3 36.3 37.2 36.3
38 5.3 23.9 28.0 23.8 26.8 29.1 25.6 27.0 24.1 25.1 22.0 30.6 28.0 26.8 27.8 27.0
25 4.0 20.4 20.9 20.7 23.1 23.8 21.2 22.9 20.4 20.7 17.9 25.5 23.3 21.6 23.2 22.7
P80 (µm) 558.3 204.8 172.0 233.7 193.8 145.0 183.4 202.4 222.0 191.6 227.5 143.4 173.7 176.4 174.5 179.2
Limestone
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Ore Specific 
Brekage Function
Simulated 
Breakage Function
Ore Specific 
Brekage Function
Simulated Breakage 
Function
Exp.1 3.85 5.74 25.51 14.98
Exp.2 15.03 10.94 25.58 22.98
Exp.3 7.02 6.46 13.64 11.89
Exp.4 12.32 9.12 19.81 19.90
Exp.5 14.19 9.99 30.54 43.06
Exp.6 6.77 7.59 24.96 22.92
Exp.7 12.89 9.24 18.28 15.63
Exp.8 10.18 8.65 16.59 12.87
Exp.9 12.25 7.88 19.51 19.28
Exp.10 9.59 7.83 16.04 11.56
Exp.11 20.50 12.88 30.70 45.68
Exp.12 16.69 11.51 27.19 26.98
Exp.13 12.34 8.96 24.16 25.32
Exp.14 12.03 8.49 25.34 26.70
Exp.15 14.16 9.96 24.25 24.98
A' Values for Cu - Au Ore A' Values for Limestone
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SECTION 3: 
Section 3 shows experimental conditions and sizing data for the all the classification experimental 
runs as describe in Section 4.3 and 5.3 and depicted as below: 
 
Experiment Number
Stream Name Feed Overflow Recycle flow
% Solids (w/w) 48.61 30.65 64.65
Flow Rate (m
3
/hr) 3.470 0.650 2.750
Slurry Density 1.434 1.237 1.518
Flow Rate (Ton/hr) 4.977 0.804 4.174
Flow velocity (m/s)
Size Feed Overflow Recycle flow
4750 99.98 100.00 99.97
3350 99.89 100.00 99.81
2360 99.53 100.00 99.23
1670 98.56 100.00 97.78
1180 96.52 100.00 94.88
850 93.23 100.00 90.48
600 88.12 99.98 84.03
425 81.52 99.84 76.18
300 73.70 99.23 67.34
212 65.26 97.46 58.25
150 56.72 93.76 49.46
106 48.47 87.67 41.30
75 40.85 79.43 34.05
53 34.01 69.69 27.74
38 28.27 59.81 22.61
25 22.17 47.75 17.31
P80 394.38 76.72 497.70
0.01
1
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Experiment Number
Stream Name Feed Overflow Recycle flow
% Solids (w/w) 50.32 37.98 53.63
Flow Rate (m
3
/hr) 3.849 0.969 2.844
Slurry Density 1.441 1.311 1.503
Flow Rate (Ton/hr) 5.545 1.270 4.275
Flow velocity (m/s)
Size Feed Overflow Recycle flow
4750 99.97 100.00 99.94
3350 99.84 100.00 99.71
2360 99.43 99.98 99.04
1670 98.40 99.90 97.54
1180 96.36 99.61 94.75
850 93.18 98.88 90.70
600 88.34 97.23 84.87
425 82.15 94.35 77.81
300 74.82 89.94 69.79
212 66.85 84.07 61.42
150 58.73 77.02 53.17
106 50.77 69.15 45.32
75 43.33 60.99 38.17
53 36.55 52.90 31.79
38 30.76 45.55 26.46
25 24.52 37.15 20.81
P80 380.51 172.26 470.18
0.015
2
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Experiment Number
Stream Name Feed Overflow Recycle flow
% Solids (w/w) 49.31 37.9 54.24
Flow Rate (m
3
/hr) 3.859 0.986 2.833
Slurry Density 1.445 1.310 1.512
Flow Rate (Ton/hr) 5.575 1.291 4.283
Flow velocity (m/s)
Size Feed Overflow Recycle flow
4750 99.97 100.00 99.94
3350 99.86 100.00 99.73
2360 99.46 99.98 99.08
1670 98.45 99.89 97.59
1180 96.42 99.55 94.83
850 93.22 98.72 90.78
600 88.32 96.87 84.95
425 82.03 93.67 77.85
300 74.58 88.85 69.80
212 66.50 82.54 61.39
150 58.26 75.08 53.09
106 50.22 66.89 45.21
75 42.73 58.52 38.03
53 35.92 50.34 31.64
38 30.14 43.01 26.31
25 23.92 34.73 20.66
P80 384.27 186.61 472.91
0.015
2 (Repeat)
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Experiment Number
Stream Name Feed Overflow Recycle flow
% Solids (w/w) 53 40.92 54.36
Flow Rate (m
3
/hr) 4.237 1.341 2.864
Slurry Density 1.448 1.343 1.513
Flow Rate (Ton/hr) 6.136 1.801 4.335
Flow velocity (m/s)
Size Feed Overflow Recycle flow
4750 99.98 100.00 99.96
3350 99.88 99.99 99.77
2360 99.52 99.92 99.19
1670 98.56 99.66 97.79
1180 96.54 98.88 95.11
850 93.30 97.29 91.11
600 88.27 94.26 85.25
425 81.78 89.66 78.08
300 74.07 83.42 69.89
212 65.73 75.93 61.33
150 57.28 67.68 52.89
106 49.07 59.15 44.89
75 41.48 50.84 37.63
53 34.63 43.04 31.18
38 28.86 36.26 25.82
25 22.71 28.84 20.17
P80 389.07 253.58 463.72
0.021
3
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Experiment Number
Stream Name Feed Overflow Recycle flow
% Solids (w/w) 49.15 41.07 53.68
Flow Rate (m
3
/hr) 4.252 1.370 2.854
Slurry Density 1.442 1.345 1.504
Flow Rate (Ton/hr) 6.133 1.842 4.291
Flow velocity (m/s)
Size Feed Overflow Recycle flow
4750 99.98 100.00 99.93
3350 99.87 99.99 99.68
2360 99.48 99.95 98.96
1670 98.48 99.74 97.37
1180 96.43 99.11 94.48
850 93.18 97.73 90.33
600 88.19 94.98 84.41
425 81.79 90.66 77.28
300 74.20 84.65 69.24
212 65.99 77.30 60.88
150 57.65 69.08 52.67
106 49.54 60.49 44.87
75 42.01 52.06 37.78
53 35.19 44.10 31.46
38 29.43 37.17 26.19
25 23.26 29.55 20.60
P80 387.77 242.20 478.95
0.022
3 (Repeat)
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Experiment Number
Stream Name Feed Overflow Recycle flow
% Solids (w/w) 60.13 50.78 62.4
Flow Rate (m
3
/hr) 3.528 0.639 2.877
Slurry Density 1.601 1.464 1.638
Flow Rate (Ton/hr) 5.647 0.935 4.712
Flow velocity (m/s)
Size Feed Overflow Recycle flow
4750 99.95 100.00 99.90
3350 99.77 99.99 99.64
2360 99.27 99.95 98.93
1670 98.13 99.77 97.47
1180 96.00 99.22 94.91
850 92.82 98.03 91.28
600 88.10 95.67 86.11
425 82.16 91.92 79.83
300 75.16 86.61 72.62
212 67.57 79.97 64.96
150 59.80 72.39 57.25
106 52.14 64.28 49.75
75 44.92 56.13 42.74
53 38.26 48.26 36.33
38 32.53 41.26 30.84
25 26.25 33.39 24.86
P80 378.64 212.34 428.97
0.01
4
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Experiment Number
Stream Name Feed Overflow Recycle flow
% Solids (w/w) 60.06 55.17 61.66
Flow Rate (m
3
/hr) 4.173 0.991 3.176
Slurry Density 1.600 1.525 1.625
Flow Rate (Ton/hr) 6.674 1.512 5.163
Flow velocity (m/s)
Size Feed Overflow Recycle flow
4750 99.95 100.00 99.90
3350 99.79 99.98 99.63
2360 99.31 99.90 98.91
1670 98.21 99.60 97.42
1180 96.13 98.81 94.83
850 93.01 97.25 91.17
600 88.34 94.38 85.97
425 82.45 90.10 79.66
300 75.49 84.31 72.44
212 67.91 77.35 64.78
150 60.14 69.63 57.08
106 52.46 61.53 49.58
75 45.21 53.54 42.59
53 38.52 45.91 36.20
38 32.75 39.18 30.73
25 26.44 31.68 24.77
P80 372.75 240.17 432.68
0.016
5
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Experiment Number
Stream Name Feed Overflow Recycle flow
% Solids (w/w) 59.58 55.85 61.34
Flow Rate (m
3
/hr) 4.200 1.311 2.885
Slurry Density 1.592 1.535 1.620
Flow Rate (Ton/hr) 6.686 2.012 4.674
Flow velocity (m/s)
Size Feed Overflow Recycle flow
4750 99.94 99.99 99.89
3350 99.77 99.94 99.61
2360 99.26 99.74 98.91
1670 98.12 99.13 97.49
1180 95.99 97.71 95.05
850 92.84 95.25 91.61
600 88.16 91.17 86.73
425 82.28 85.60 80.77
300 75.35 78.63 73.91
212 67.83 70.77 66.56
150 60.12 62.51 59.09
106 52.51 54.25 51.75
75 45.31 46.41 44.82
53 38.66 39.17 38.42
38 32.93 32.97 32.88
25 26.63 26.23 26.78
P80 375.84 320.13 407.10
0.021
6
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Experiment Number
Stream Name Feed Overflow Recycle flow
% Solids (w/w) 69.4 65.7 70.28
Flow Rate (m
3
/hr) 3.515 0.664 2.849
Slurry Density 1.764 1.695 1.781
Flow Rate (Ton/hr) 6.200 1.125 5.075
Flow velocity (m/s)
Size Feed Overflow Recycle flow
4750 99.88 99.98 99.82
3350 99.61 99.92 99.47
2360 98.98 99.70 98.71
1670 97.75 99.12 97.31
1180 95.68 97.89 95.04
850 92.79 95.86 91.95
600 88.64 92.55 87.65
425 83.53 88.02 82.44
300 77.52 82.27 76.40
212 70.93 75.63 69.86
150 64.07 68.42 63.10
106 57.16 60.95 56.31
75 50.45 53.60 49.76
53 44.09 46.55 43.54
38 38.44 40.28 38.03
25 32.05 33.19 31.79
P80 344.26 264.26 366.43
0.01
7
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Experiment Number
Stream Name Feed Overflow Recycle flow
% Solids (w/w) 69.31 66.89 70.17
Flow Rate (m
3
/hr) 3.882 1.008 2.872
Slurry Density 1.762 1.717 1.779
Flow Rate (Ton/hr) 6.841 1.731 5.110
Flow velocity (m/s)
Size Feed Overflow Recycle flow
4750 99.89 99.97 99.84
3350 99.64 99.87 99.51
2360 99.03 99.55 98.78
1670 97.84 98.78 97.42
1180 95.79 97.27 95.19
850 92.90 94.90 92.13
600 88.74 91.19 87.84
425 83.59 86.30 82.62
300 77.51 80.27 76.55
212 70.85 73.45 69.96
150 63.91 66.18 63.14
106 56.92 58.76 56.29
75 50.16 51.53 49.68
53 43.74 44.66 43.42
38 38.07 38.58 37.88
25 31.65 31.75 31.61
P80 343.83 295.46 362.99
0.016
8
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Experiment Number
Stream Name Feed Overflow Recycle flow
% Solids (w/w) 69.46 66.85 70.36
Flow Rate (m
3
/hr) 3.831 0.977 2.853
Slurry Density 1.765 1.716 1.783
Flow Rate (Ton/hr) 6.763 1.677 5.086
Flow velocity (m/s)
Size Feed Overflow Recycle flow
4750 99.88 99.96 99.84
3350 99.61 99.83 99.51
2360 98.98 99.45 98.77
1670 97.76 98.62 97.41
1180 95.69 97.05 95.17
850 92.79 94.64 92.11
600 88.64 90.96 87.82
425 83.51 86.17 82.59
300 77.49 80.31 76.52
212 70.89 73.70 69.94
150 64.01 66.66 63.13
106 57.08 59.45 56.29
75 50.36 52.41 49.68
53 43.99 45.68 43.43
38 38.34 39.69 37.89
25 31.95 32.91 31.62
P80 345.98 294.80 365.75
0.015
8 (Repeat)
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Experiment Number
Stream Name Feed Overflow Recycle flow
% Solids (w/w) 69.07 67.31 69.91
Flow Rate (m
3
/hr) 4.262 1.356 2.904
Slurry Density 1.758 1.724 1.774
Flow Rate (Ton/hr) 7.490 2.338 5.152
Flow velocity (m/s)
Size Feed Overflow Recycle flow
4750 99.91 99.97 99.85
3350 99.68 99.87 99.55
2360 99.12 99.55 98.84
1670 97.98 98.77 97.52
1180 95.98 97.23 95.31
850 93.12 94.80 92.27
600 88.97 91.01 87.97
425 83.78 86.00 82.73
300 77.64 79.84 76.61
212 70.89 72.90 69.97
150 63.85 65.53 63.09
106 56.76 58.02 56.19
75 49.91 50.74 49.53
53 43.43 43.85 43.22
38 37.70 37.78 37.65
25 31.25 30.98 31.35
P80 340.95 302.59 361.15
0.021
9
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Sizing data for the repeatability experiments (Section 4.3.2) is shown as follows: 
 
 
 
 
 
 
 
 
 
 
 
 
Experiment Number
Stream Name Feed OF Rec Feed OF Rec Feed OF Rec
% Solids (w/w) 49.30 42.05 52.66 49.22 40.31 53.56 49.57 41.11 53.67
Flow Rate (m3/hr) 4.51 1.30 3.19 4.40 1.28 3.09 4.52 1.30 3.13
Slurry Density 1.44 1.36 1.49 1.44 1.34 1.50 1.45 1.35 1.50
Flow Rate (Ton/hr) 6.52 1.76 4.76 6.35 1.70 4.64 6.55 1.75 4.71
Size Feed Overflow Recycle flow Feed Overflow Recycle flow Feed Overflow Recycle flow
4750 99.94 100.00 99.91 99.89 100.00 99.95 99.93 100.00 99.91
3350 99.71 100.00 99.63 99.57 99.99 99.74 99.69 100.00 99.63
2360 99.02 99.96 98.85 98.73 99.91 99.11 98.98 99.98 98.86
1670 97.46 99.79 97.20 96.97 99.63 97.64 97.41 99.86 97.26
1180 94.59 99.22 94.26 93.91 98.82 94.88 94.53 99.43 94.44
850 90.41 97.94 90.11 89.65 97.19 90.81 90.38 98.35 90.45
600 84.43 95.30 84.26 83.72 94.13 84.93 84.45 95.98 84.81
425 77.21 91.07 77.25 76.67 89.51 77.77 77.30 91.97 78.04
300 69.05 85.10 69.37 68.79 83.29 69.64 69.23 86.11 70.37
212 60.59 77.72 61.18 60.63 75.84 61.16 60.85 78.70 62.35
150 52.28 69.43 53.10 52.62 67.66 52.80 52.60 70.26 54.39
106 44.41 60.72 45.42 45.01 59.20 44.88 44.78 61.33 46.76
75 37.28 52.17 38.40 38.07 50.96 37.68 37.68 52.53 39.74
53 30.95 44.10 32.12 31.87 43.21 31.28 31.35 44.22 33.42
38 25.68 37.08 26.85 26.66 36.47 25.95 26.08 37.00 28.08
25 20.12 29.39 21.24 21.11 29.07 20.33 20.49 29.12 22.36
Repeatability Test 2 Repeatability Test 3Repeatability Test 1
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Step by step calculation for developing actual and corrected partition graph for each experimental 
run as describe in Section 5.3.2 is shown as below: 
 
Stream Tph Water
Fraction of Water 
to Recycle Flow
Cby pass d50C α SSQ
Feed 5.28
Over flow 1.82
Recycle flow 3.46
Geometric 
Mean Sizes 
(d)
Reconstitute 
Feed
% Feed To 
Recycle flow
Corrected % Feed to 
Recycle flow 
(Calculated)
d/d50C α* d/d50C
Corrected % Feed 
to Recycle flow 
(Whiten Model)
3989.05 0.14 100.00 100.00 60.17 9.16 100.00
2811.76 0.66 100.00 100.00 42.41 6.45 100.00
1985.25 2.39 100.00 100.00 29.94 4.56 100.00
1403.78 6.07 100.00 100.00 21.17 3.22 100.00
1001.50 12.10 100.00 100.00 15.11 2.30 100.00
714.14 18.36 99.99 99.98 10.77 1.64 100.00
504.98 26.94 99.94 99.84 7.62 1.16 99.97
357.07 32.90 99.66 99.02 5.39 0.82 99.59
252.19 37.39 98.68 96.17 3.80 0.58 97.42
178.33 39.36 96.38 89.48 2.69 0.41 90.89
126.10 39.65 92.50 78.22 1.90 0.29 78.75
89.16 38.96 87.44 63.54 1.34 0.20 63.23
63.05 36.90 82.05 47.86 0.95 0.14 47.90
44.88 34.16 77.06 33.37 0.68 0.10 35.23
30.82 29.37 72.96 21.47 0.46 0.07 24.57
0.34 66.30 0.15 17.330.66
Experiment 1
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Stream Tph Water
Fraction of Water 
to Recycle Flow
Cby pass d50C α SSQ
Feed 5.77
Over flow 2.07
Recycle flow 3.70
Geometric 
Mean Sizes 
(d)
Reconstitute 
Feed
% Feed To 
Recycle flow
Corrected % Feed to 
Recycle flow 
(Calculated)
d/d50C α* d/d50C
Corrected % Feed 
to Recycle flow 
(Whiten Model)
3989.05 0.27 99.94 99.83 24.18 6.99 99.97
2811.76 0.96 99.76 99.33 17.05 4.92 99.76
1985.25 2.88 99.32 98.11 12.04 3.48 98.94
1403.78 6.54 98.44 95.66 8.51 2.46 96.96
1001.50 12.28 96.96 91.54 6.07 1.75 93.45
714.14 18.25 94.90 85.82 4.33 1.25 88.16
504.98 27.00 92.27 78.48 3.06 0.88 80.93
357.07 33.88 89.19 69.92 2.16 0.63 72.18
252.19 39.86 85.95 60.90 1.53 0.44 62.38
178.33 43.22 82.75 51.99 1.08 0.31 52.26
126.10 44.25 79.76 43.66 0.76 0.22 42.46
89.16 43.54 77.06 36.14 0.54 0.16 33.54
63.05 40.93 74.68 29.54 0.38 0.11 25.85
44.88 37.54 72.64 23.84 0.27 0.08 19.62
30.82 32.12 70.92 19.07 0.19 0.05 14.21
Experiment 2
0.64 0.36 164.94 0.29 88.33
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Stream Tph Water
Fraction of Water 
to Recycle Flow
Cby pass d50C α SSQ
Feed 6.24
Over flow 2.60
Recycle flow 3.64
Geometric 
Mean Sizes 
(d)
Reconstitute 
Feed
% Feed To 
Recycle flow
Corrected % Feed to 
Recycle flow 
(Calculated)
d/d50C α* d/d50C
Corrected % Feed 
to Recycle flow 
(Whiten Model)
3989.05 0.20 99.00 97.60 10.92 5.51 99.73
2811.76 0.80 97.60 94.23 7.70 3.88 98.64
1985.25 2.66 95.50 89.21 5.43 2.74 95.68
1403.78 6.53 92.68 82.44 3.84 1.94 90.07
1001.50 13.01 89.32 74.37 2.74 1.38 82.00
714.14 20.22 85.82 65.97 1.96 0.99 71.93
504.98 30.83 82.31 57.54 1.38 0.70 60.59
357.07 39.41 78.95 49.49 0.98 0.49 49.28
252.19 46.72 75.94 42.27 0.69 0.35 38.84
178.33 50.60 73.33 36.01 0.49 0.25 29.85
126.10 51.43 71.13 30.72 0.35 0.17 22.47
89.16 50.06 69.30 26.32 0.24 0.12 16.65
63.05 46.45 67.78 22.69 0.17 0.09 12.18
44.88 42.01 66.55 19.73 0.12 0.06 8.88
30.82 35.44 65.56 17.35 0.08 0.04 6.22
Experiment 3
0.58 0.42 365.29 0.50 790.00
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Stream Tph Water
Fraction of Water 
to Recycle Flow
Cby pass d50C α SSQ
Feed 3.74
Over flow 0.91
Recycle flow 2.84
Geometric 
Mean Sizes 
(d)
Reconstitute 
Feed
% Feed To 
Recycle flow
Corrected % Feed to 
Recycle flow 
(Calculated)
d/d50C α* d/d50C
Corrected % Feed 
to Recycle flow 
(Whiten Model)
3989.05 0.45 99.86 99.41 14.16 2.76 98.56
2811.76 1.27 99.50 97.91 9.98 1.94 96.53
1985.25 3.36 98.79 94.98 7.05 1.37 93.19
1403.78 7.04 97.60 90.07 4.98 0.97 88.40
1001.50 12.58 95.92 83.12 3.56 0.69 82.28
714.14 18.21 93.92 74.83 2.54 0.49 74.81
504.98 26.57 91.69 65.62 1.79 0.35 66.03
357.07 33.13 89.40 56.15 1.27 0.25 56.57
252.19 38.93 87.25 47.23 0.90 0.17 46.98
178.33 42.27 85.32 39.27 0.63 0.12 37.90
126.10 43.43 83.68 32.49 0.45 0.09 29.76
89.16 42.95 82.33 26.91 0.32 0.06 22.83
63.05 40.63 81.25 22.45 0.22 0.04 17.17
44.88 37.56 80.41 18.97 0.16 0.03 12.79
30.82 32.41 79.79 16.38 0.11 0.02 9.11
Experiment 4
0.76 0.24 281.66 0.19 154.86
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Stream Tph Water
Fraction of Water 
to Recycle Flow
Cby pass d50C α SSQ
Feed 4.09
Over flow 1.28
Recycle flow 2.81
Geometric 
Mean Sizes 
(d)
Reconstitute 
Feed
% Feed To 
Recycle flow
Corrected % Feed to 
Recycle flow 
(Calculated)
d/d50C α* d/d50C
Corrected % Feed 
to Recycle flow 
(Whiten Model)
3989.05 0.48 99.32 97.82 8.57 3.19 98.10
2811.76 1.32 98.16 94.12 6.04 2.25 94.95
1985.25 3.53 96.41 88.54 4.26 1.59 89.62
1403.78 7.45 94.01 80.84 3.01 1.12 82.13
1001.50 13.46 91.11 71.58 2.15 0.80 73.13
714.14 19.66 88.08 61.90 1.53 0.57 63.06
504.98 28.92 85.06 52.23 1.08 0.40 52.44
357.07 36.31 82.20 43.09 0.77 0.29 42.28
252.19 42.87 79.68 35.05 0.54 0.20 33.12
178.33 46.71 77.54 28.22 0.38 0.14 25.35
126.10 48.10 75.79 22.63 0.27 0.10 19.04
89.16 47.64 74.39 18.16 0.19 0.07 14.07
63.05 45.12 73.30 14.66 0.14 0.05 10.28
44.88 41.73 72.46 11.97 0.10 0.04 7.49
30.82 36.02 71.84 10.00 0.07 0.02 5.24
Experiment 5
0.69 0.31 465.66 0.37 111.53
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Stream Tph Water
Fraction of Water 
to Recycle Flow
Cby pass d50C α SSQ
Feed 4.54
Over flow 1.59
Recycle flow 2.95
Geometric 
Mean Sizes 
(d)
Reconstitute 
Feed
% Feed To 
Recycle flow
Corrected % Feed to 
Recycle flow 
(Calculated)
d/d50C α* d/d50C
Corrected % Feed 
to Recycle flow 
(Whiten Model)
3989.05 0.53 96.80 90.88 3.27 2.31 89.82
2811.76 1.40 93.02 80.08 2.31 1.63 79.94
1985.25 3.70 88.80 68.06 1.63 1.15 67.75
1403.78 7.84 84.31 55.24 1.15 0.81 55.00
1001.50 14.28 80.06 43.12 0.82 0.58 43.38
714.14 21.01 76.48 32.91 0.59 0.41 33.30
504.98 31.04 73.56 24.57 0.41 0.29 24.88
357.07 39.05 71.27 18.03 0.29 0.21 18.30
252.19 46.10 69.60 13.29 0.21 0.15 13.30
178.33 50.15 68.46 10.04 0.15 0.10 9.59
126.10 51.53 67.75 8.00 0.10 0.07 6.88
89.16 50.93 67.36 6.90 0.07 0.05 4.91
63.05 48.15 67.23 6.51 0.05 0.04 3.50
44.88 44.48 67.28 6.66 0.04 0.03 2.50
30.82 38.38 67.47 7.19 0.03 0.02 1.73
Experiment 6
0.65 0.35 1219.33 0.70 63.34
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Stream Tph Water
Fraction of Water 
to Recycle Flow
Cby pass d50C α SSQ
Feed 2.73
Over flow 0.59
Recycle flow 2.15
Geometric 
Mean Sizes 
(d)
Reconstitute 
Feed
% Feed To 
Recycle flow
Corrected % Feed to 
Recycle flow 
(Calculated)
d/d50C α* d/d50C
Corrected % Feed 
to Recycle flow 
(Whiten Model)
3989.05 0.93 98.05 90.92 4.03 1.60 89.02
2811.76 1.84 96.02 81.46 2.84 1.13 81.08
1985.25 4.13 93.92 71.73 2.01 0.80 71.42
1403.78 7.75 91.63 61.06 1.42 0.56 60.82
1001.50 12.92 89.34 50.38 1.01 0.40 50.38
714.14 17.93 87.26 40.72 0.72 0.29 40.52
504.98 25.55 85.42 32.15 0.51 0.20 31.56
357.07 31.55 83.84 24.82 0.36 0.14 24.03
252.19 37.10 82.58 18.95 0.25 0.10 17.94
178.33 40.67 81.61 14.42 0.18 0.07 13.22
126.10 42.44 80.89 11.11 0.13 0.05 9.63
89.16 42.85 80.40 8.81 0.09 0.04 6.96
63.05 41.55 80.08 7.34 0.06 0.03 5.00
44.88 39.46 79.91 6.54 0.05 0.02 3.60
30.82 35.03 79.85 6.27 0.03 0.01 2.49
Experiment 7
0.79 0.21 989.17 0.40 41.41
 185 
 
 
Stream Tph Water
Fraction of Water 
to Recycle Flow
Cby pass d50C α SSQ
Feed 3.03
Over flow 0.86
Recycle flow 2.17
Geometric 
Mean Sizes 
(d)
Reconstitute 
Feed
% Feed To 
Recycle flow
Corrected % Feed to 
Recycle flow 
(Calculated)
d/d50C α* d/d50C
Corrected % Feed 
to Recycle flow 
(Whiten Model)
3989.05 0.88 94.03 78.90 2.30 1.51 79.16
2811.76 1.84 90.22 65.42 1.62 1.07 67.14
1985.25 4.29 87.05 54.22 1.14 0.75 54.64
1403.78 8.26 84.05 43.61 0.81 0.53 42.98
1001.50 14.04 81.38 34.16 0.58 0.38 33.13
714.14 19.73 79.17 26.37 0.41 0.27 25.01
504.98 28.34 77.36 19.98 0.29 0.19 18.45
357.07 35.17 75.91 14.85 0.21 0.14 13.45
252.19 41.46 74.82 10.98 0.15 0.10 9.71
178.33 45.47 74.03 8.17 0.10 0.07 6.98
126.10 47.43 73.48 6.25 0.07 0.05 4.99
89.16 47.83 73.14 5.05 0.05 0.03 3.56
63.05 46.29 72.96 4.40 0.04 0.02 2.53
44.88 43.87 72.90 4.19 0.03 0.02 1.81
30.82 38.86 72.93 4.31 0.02 0.01 1.24
Experiment 8
0.72 0.28 1737.17 0.66 36.25
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Stream Tph Water
Fraction of Water 
to Recycle Flow
Cby pass d50C α SSQ
Feed 3.35
Over flow 1.14
Recycle flow 2.22
Geometric 
Mean Sizes 
(d)
Reconstitute 
Feed
% Feed To 
Recycle flow
Corrected % Feed to 
Recycle flow 
(Calculated)
d/d50C α* d/d50C
Corrected % Feed 
to Recycle flow 
(Whiten Model)
3989.05 0.82 91.76 75.68 1.96 1.48 75.06
2811.76 1.82 86.79 61.02 1.38 1.04 61.99
1985.25 4.37 82.78 49.20 0.98 0.74 49.13
1403.78 8.64 79.11 38.35 0.69 0.52 37.74
1001.50 14.98 75.94 29.00 0.49 0.37 28.53
714.14 21.35 73.40 21.51 0.35 0.27 21.20
504.98 30.99 71.37 15.52 0.25 0.19 15.45
357.07 38.75 69.79 10.85 0.18 0.13 11.16
252.19 45.89 68.63 7.43 0.12 0.09 8.00
178.33 50.46 67.82 5.02 0.09 0.07 5.72
126.10 52.68 67.28 3.46 0.06 0.05 4.07
89.16 53.11 66.97 2.54 0.04 0.03 2.90
63.05 51.34 66.84 2.14 0.03 0.02 2.06
44.88 48.57 66.83 2.13 0.02 0.02 1.47
30.82 42.92 66.93 2.40 0.02 0.01 1.01
Experiment 9
0.66 0.34 2034.66 0.76 5.82
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SECTION 4: 
Section 4 shows particle size distribution and experimental conditions of the  Case 1 and Case 2 
used for model simulation in Section 7.1. 
Case 1 
Size Circuit Feed  Circuit Product Mill Feed Mill Product 
200.0 100.0 100.0 100.0 100.0 
150.0 98.8 100.0 99.3 99.8 
106.0 95.9 100.0 97.5 99.0 
90.0 93.5 99.9 96.0 98.4 
75.0 90.8 99.9 94.0 97.5 
63.0 87.4 99.8 91.4 96.1 
53.0 84.3 99.7 88.5 94.4 
45.0 80.8 99.5 84.7 91.9 
38.0 79.5 99.4 83.3 90.9 
18.5 66.7 96.6 67.9 79.3 
13.0 59.0 92.0 45.6 58.2 
9.6 49.4 80.5 23.3 35.2 
6.8 40.8 62.6 10.4 18.8 
5.3 34.7 50.1 7.2 13.1 
Solid (t/h) 36.5 36.5 95.5 95.5 
% Solids 26.9 24.6 67.8 67.8 
Power (kW) 580 
Circulation Load (%) 260 
P80 (µm) 40.7 9.5 32.1 19.2 
SG 5 
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Case 2 
Size Circuit Feed  
Circuit 
Product 
Mill Feed Mill Product 
200.00 100.00 100.00 100.00 100.00 
150.00 98.14 99.94 98.32 99.50 
106.00 94.57 99.89 95.13 98.60 
90.00 91.94 99.85 92.73 97.89 
75.00 89.01 99.82 89.94 96.99 
63.00 85.69 99.78 86.54 95.73 
53.00 82.67 99.74 83.06 94.19 
45.00 79.26 99.68 78.62 91.93 
38.00 77.93 99.64 76.73 90.88 
18.50 67.08 98.27 59.03 79.37 
13.00 59.88 95.41 40.99 64.16 
9.60 50.47 84.99 18.39 40.90 
6.80 40.66 66.99 11.03 28.19 
5.3 34.01 54.81 8.74 22.29 
Solid (t/h) 28.8 28.8 44.2 44.2 
% Solids 33.3 24.1 70.2 70.2 
Power (kW) 570 
Circulation Load (%) 150 
P80 (µm) 46.6 8.6 47.3 19.1 
SG 5 
 
